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Abstrat of the DissertationSearh for the rare deay K+! �+��with p�+ < 199MeV=byIlektra-Athanasia ChristidiDotor of PhilosophyinPhysisStony Brook University2006
The rare Kaon deay K+ ! �+�� is a valuable probe for the avorstruture of the Standard Model (SM) and for new physis. In theSM, its Branhing Ratio (BR) is of the order of 10�10 and dependson the magnitude of the Vtd element of the CKM matrix, whihmodulates the strength of the harged urrent oupling betweenthe top and down quark and inludes the imaginary phase of thematrix. This phase is the only signi�ant soure of CP violationin the SM, given that the strong CP phase must be very small.This rare deay is being searhed for by the experiment E949 atiii



BNL's Alternating Gradient Synhrotron in two kinemati regions,"PNN1" with 211MeV= < p�+ < 229MeV= and "PNN2" withp�+ < 199MeV=. This thesis desribes the analysis of the PNN2region. A "blind analysis" approah is taken, in whih the ex-peted bakgrounds are determined a priori. In order to avoidbias, seletion riteria ("uts") to suppress the bakgrounds aredeveloped based on 1/3 of the data, uniformly seleted through-out the total sample. During this proess, potential signal events(any events in the multidimensional signal region de�ned by theseuts) are masked out. Then the expeted bakground in the signalregion is measured with data, using the �nal version of the utsin a bifurated analysis, and veri�ed by examining the number ofevents lose to (but still outside of) the signal region. For somebakground proesses that are diÆult to distinguish in real data,Monte Carlo simulation is used. The expeted bakground levelfound in this analysis is 0.630�0.119 events, an improvement of afator of 2 ompared to previous analyses. Finally the aeptaneloss of the o�ine uts and the online trigger is measured usingspeial bakground samples of data and signal simulation, and thesingle event sensitivity (S.E.S.) is alulated to be 1.019�10�9.The S.E.S. is the lowest BR for the K+ ! �+�� deay that thisanalysis an detet, in the absense of bakground. Using the BRmeasured by E949 in the past, the expeted ratio of signal to bak-ground in the signal region is about 1/5, a signi�ant improvementompared to the value of previous analyses of 1/10.iv
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Chapter 1
Introdution
The deay K+ ! �+�� is a avor-hanging neutral urrent proess, thereforeit is forbidden at the tree level in the Standard Model (SM). It proeeds onlythrough seond order diagrams at a very low rate, beause of the GIM meh-anism (see hapter 2.1). Sine u,  and t quarks are inluded in the loop, thisdeay is a useful probe of the avor struture of the SM, whih is epitomizedin the 3�3 CKM matrix (see hapter 2.1). It turns out that K+ ! �+�� angive an unambiguous measurement of the smallest element of the CKM matrix,jVtdj, and, ombined with the neutral mode Ko ! �o��, of the CP violatingphase of the matrix. This is beause the long range e�ets ontribution to therate are negligible, and the hadroni matrix element an be fatored out usingthe well-measured deay K+ ! �oe+�, therefore the Branhing Ratio of theK+ ! �+�� deay has very small theoretial unertainties. In the SM, it isalulated to be BR(K+ ! �+��) = (8:0� 1:1)� 10�11.Any extra partiles from beyond-the-SM physis would also ontribute tothe amplitude of K+ ! �+��. Most beyond-the-SM theories inlude extra1



soures of CP violation, and there are also models that allow diret avorviolation (see hapter 2.3). Suh e�ets ould ause a higher BR for thisdeay, and in some ases predit disrepanies in the CKM matrix elementsvalues measured by Kaon and B meson proesses. Therefore, K+ ! �+�� isalso a valuable probe for new physis.The detetion of suh a rare deay is extremely hallenging. An intenseand pure Kaon beam is needed, and a detetor that will preisely identify andmeasure the kinematis of both the inoming partile and the deay produts.Sine the signature of K+ ! �+�� is one harged trak and nothing else,the detetor should also be able to veto on any extra ativity due to therest of the K+ deay modes. The E949 detetor in Brookhaven NationalLaboratory's (BNL) Alternating Gradient Synhrotron is suh an apparatus.It is the upgrade of the E787 detetor, whih deteted the �rst 2 K+ ! �+��deay andidates of the total of 3 that have been observed up to now.From the approximately 1012 Kaon deays reorded by the E949 detetorduring its running time, only a handful of K+ ! �+�� deays are expetedto be aepted by the trigger. In order to isolate these events and predit thenumber of bakground expeted to be observed together with them, MonteCarlo simulation is not adequate. At suh level of preision, unertainties inthe simulation of nulear proesses and detetor defets make the preditionunreliable. Therefore, most of the bakground estimations will be performedwith real data, following a \blind" analysis, during whih the signal region willnot be examined until the very end. For some lasses of bakground, however,that have similar signatures, Monte Carlo will have to be used to some extent,in order to estimate how eÆiently suh bakgrounds are suppressed by the2



analysis seletion riteria (\uts"). But the data are ultimately used for salingthe bakground measurement.In E949's analysis, in order to further avoid bias, the uts are �rst optimizedin a subset of 1/3 of the data, based on minimizing the bakground while stillkeeping as muh signal aeptane as possible. The expeted bakground inthe signal region and the Single Event Sensitivity are measured, then the utsare \frozen" and the measurements are repeated on the remaining 2/3 of thedata, and the results are heked for onsisteny. The signal region is examinedat the very end, when all the bakground estimations are �nal, and the utsare not allowed to vary any more.This thesis desribes the analysis of the 1/3 sample. The bakgroundestimations, ut orrelation studies and aeptane measurements based onthis sample are shown.
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Chapter 2
Theory
The Standard Model of partile physis [1℄ has aounted for almost all parti-les and their interations that have been observed. Matter is built of 3 gener-ations of leptons and their respetive neutrinos, and 3 generations of quarks.The interations between them are explained by two gauge theories: QuantumChromodynamis (QCD), with 8 gauge bosons alled gluons, whih aountsfor the strong interation between quarks, and the Glashow-Weinberg-Salam(GWS) theory, whih aounts for the eletromagneti (arried by the photonbetween eletrially harged partiles) and the weak interations (whih arearried by theW� and Zo bosons and a�et all partiles) and their uni�ation.In the ontext of the SM, the masses of all partiles, exept for the photonand gluon whih are massless, arise from spontaneous symmetry breaking thatours due to the existene of a salar partile alled the Higgs boson.It has been evident from as early as 1956 that the weak interation di�ersfrom the other ones in the non-onservation of parity P , as it is a vetor-axial(V �A) interation. However, the ombined harge onjugation - parity (CP )4



symmetry was thought to be onserved until the astonishing result of the BNLE-0181 experiment in 1964 [2℄, that disovered CP violation in the neutralKaon system. Sine then, an elegant explanation has been inorporated inthe SM, where CP violation arises naturally from the existene of 3 familiesof quarks that \mix"1 with eah other through the weak interations: theKobayashi-Maskawa (KM) theory [3℄ introdues a 3�3 unitary matrix for this\mixing", alled the Cabibbo-Kobayashi-Maskawa (CKM) matrix. Partileavors are still onserved in the strong and eletromagneti interations.As K+ ! �+�� is a Flavor Changing Neutral Current (FCNC) weak pro-ess, the avor struture of the SM and its preditions for the Branhing RatioBR of this deay will be presented in this hapter. The partiular aspets andparameters of the SM that an be measured with this deay will be pinpointedand the potential physis beyond the SM that ould be aessed will be re-viewed.2.1 CP violation in the Standard ModelThere are harged and neutral urrent proesses in the weak interation, medi-ated by theW+ orW� and the Zo bosons respetively. In the harged-urrentproesses, one quark an transform into another quark of the same family witha di�erent eletri harge/avor (e.g., u ! d), and one lepton an transforminto the respetive neutrino (e.g., e� ! �e) and vie versa. However, as the fatthat heavier quarks deay into lighter ones shows, the harged-urrent weak1Quarks from di�erent families do not mix with eah other literally, but they an trans-form to one another through the harged Weak interation, whose strength is modulated bythe CKM matrix elements. The term \mix" will be used here in that sense.5



interation allows transformation of quarks between di�erent generations (e.g., ! d), with the strength of the interation depending on the parameters ofthe CKM matrix V :0BBBB� d0s0b0
1CCCCA = V 0BBBB� dsb

1CCCCA = 0BBBB� Vud Vus VubVd Vs VbVtd Vts Vtb
1CCCCA0BBBB� dsb

1CCCCA (2.1)whih onnets the weak eigenstates d0, s0, b0 to their mass eigenstates d,s, b. Thus the quark that ouples to the weak interation harged bosonsis a linear ombination of the free (mass) eigenstates, and it an transformto another avor through the interation. In this piture, sine V is unitaryand 3 � 3, there is one irreduible imaginary phase in it. CP invariane ofthe Lagrangian for weak interations is violated when the CKM matrix is aomplex one, therefore CP violation is naturally explained. A similar struureis speulated to exist also in the leptoni setor, sine the neutrinos have beenfound to possess mass, desribed by the 3� 3 Maki-Nakagawa-Sakata (MNS)matrix [4℄.In the neutral-urrent weak proesses, however, when a single Zo is ex-hanged, a quark annot transform into another quark with the same hargeand a di�erent avor (e.g., s ! d). These FCNC proesses are forbidden inthe �rst order (see Fig. 2.4), and suppressed at the one-loop level due to theGlashow-Iliopoulos-Maiani (GIM) mehanism [5℄: the weak eigenstates, d0 ands0, not the mass eigenstates, d and s, partiipate in the weak interation. Theirrelation is written as
6



0B� d0s0 1CA = 0B� os �C sin �C� sin �C os �C 1CA0B� ds 1CA ; (2.2)where �C is alled the Cabibbo angle [6℄. The neutral urrent J0, is ex-pressed by the following desription (omitting the -matries):J0 = �uu+ �+ �d0d0 + �s0s0= �uu+ �+ ( �dd+ �ss) os2 �C + ( �dd+ �ss) sin2 �C : (avor onserving term)+( �ds+ �sd� �ds� �sd) sin �C os �C : (avor hanging term)= �uu+ �+ �dd+ �ss: (2.3)The term that aounts for the FCNC proesses vanishes, and thereforethe absene of �rst order FCNC proesses is explained by this desription.The GIM anellation an also work at 1-loop diagrams (seeFig. 2.5), wherethe initial-to-�nal quark transitions are e�etively the FCNC proesses, if thequarks in the intermediate state (e.g., the u and  quarks in the K0 � �K0mixing) have the same mass. Sine the quark masses depend on the quarkavors, this anellation is not perfet, and thus the FCNC proesses areallowed as "rare deays" at higher orders.The unitary CKM matrix has four independent parameters, whih in lead-ing order of the Wolfenstein parameterization [7℄ are A, �, � and �. In termsof these parameters, the CKM matrix an be written as
7



0BBBB� Vud Vus VubVd Vs VbVtd Vts Vtb
1CCCCA ' 0BBBB� 1� �2=2 � A�3(�� i�)�� 1� �2=2 A�2A�3(1� �� i�) �A�2 1

1CCCCA (2.4)
where � = sin � = 0:22 is the sine of the Cabibbo angle, the \mixing"angle for the ase of 2 quark generations initially studied by Cabibbo. Onesole parameter � desribes CP violation in the SM, sine a non-zero value ofthis parameter breaks the CP invariane for weak interations.The values of the CKM matrix elements are not de�ned by any �rst prini-ples, and an only be experimentally measured and onstrained. The presentvalues of the magnitudes are:0BBBB� jVudj jVusj jVubjjVdj jVsj jVbjjVtdj jVtsj jVtbj

1CCCCA ' 0BBBB� [0:9736; 0:9741℄ [0:2262; 0:2282℄ [0:0039; 0:0041℄[0:2261; 0:2281℄ [0:9727; 0:9732℄ [0:0414; 0:0423℄[0:0075; 0:0085℄ [0:0409; 0:0417℄ [0:9991; 0:9991℄
1CCCCA(2.5)at the 90% on�dene level interval [8℄. These values an either be deter-mined diretly from tree-level deays (e.g., the simplest, neutron beta deay,or B ! �l�) , or (partiularly those involving ouplings to the top quark)indiretly from avor-hanging seond-order weak proesses that involve theup-type quarks in an internal loop (e.g., K+ ! �+��). It is assumed thatthe dominant ontribution to the proesses omes from the t quark loop. Theagreement or disagreement between the measured and predited (based on8
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parameter from K0� �K0 mixing, �K , as shown in Fig. 2.2. All these measure-ments agree to a very good level and the ��� parameters are well onstrained.However, it is desirable to over-onstrain the position of the apex in as manyindependent ways as possible, beause any disagreement among the indepen-dent measurements would indiate the presene of new physis that ontainsnew soures of CP violation. Suh soures are expeted to exist, beause theparameters for CP violation in the SM are not suÆient to explain the ob-served matter-antimatter asymmetry of the Universe. An espeially powerfulprobe for suh new physis is the omparison of the results from B mesonand kaon deays with small theoretial ambiguities. In other words, sine theCKM phase should be the only soure of CP violation within the SM, preisemeasurements of all the CKM matrix elements are ruial.The determination of � and � independently from B and K deays, asshown in Fig. 2.3, an be examined in two ways:� A omparison of the angle � from the ratio BR(KoL ! �o���)=BR(K+ !�+��) and from CP violation asymmetry (ACP ) in the deay B0d !J= K0s .� A omparison of the magnitude jVtdj from K+ ! �+�� and from themixing frequenies of Bs and Bd mesons, expressed in terms of the ratioof the mass di�erenes, �MBs=�MBd .The motivation to searh for K+ ! �+�� also stems from a desire tomeasure the small, impreisely-determined CKM matrix element jVtdj, as wellas to searh for non-SM physis. 10
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2.2 K+ ! �+�� in the Standard ModelThe deay K+ ! �+�� is a FCNC proess that is prohibited in the �rstorder (see Fig. 2.4). However, this deay is allowed in the seond order, and isdesribed by a box diagram and two Z-penguin diagrams, as shown in Fig. 2.5.Taking into aount only the s ! (u; ; t) ! d part of the box diagram,the part of the weak amplitude for this proess diretly involving quarks isrepresented as M� s Xi=u;;tV �isVid(�PL p=+mip2 �m2i �PL)! d (2.7)where the Vij's are the CKMmatrix elements, the s are the Dira matries,PL=R = 1�52 is the left/right-handed projetion operator, p is the momentumtransfer, and the mi's are the quark masses. Using Dira algebra, the term inthe parenthesis an be written as
�PL p= +mip2 �m2i �PL = 1p2 �m2i (�PLp=PR� +mi�PLPR�) (2.8)where the relation �PL = PR� has been used. The seond term vanishesbeause PLPR = 0, therefore equation 2.7 an be written asM� s Xi=u;;t V �isVidp2 �m2i �PLp=�! d (2.9)M vanishes if all of the quark massesmi, are equal, beause of the unitarityof the CKM matrix. However, the breaking of avor symmetry, whih results12
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in the di�erent quark masses, allows this deay to proeed at a very smallrate. Sine the top quark mass is the most di�erent (largest) of the three, itsontribution to the K+ ! �+�� branhing ratio is the largest. This deayis sensitive to the weak oupling of top to down quarks, given by the CKMmatrix element Vtd.The branhing ratio for K+ ! �+�� is alulated by following the on-vention in [10℄ and [11℄. The e�etive Hamiltonian in the SM an be writtenas
HSMeff = GFp2 �2� sin2�W Xl=e;�;�(V �sVdX l(x) + V �tsVtdX(xt))(�sd)V�A(��l�l)V�A;(2.10)where X(xj) are funtions of xj � m2j=M2W summarizing the top and harmquark ontributions in the loop, inluding QCD orretions at the next-to-next-to-leading-order (NNLO) level. The up quark term has been removedusing the unitarity of the CKM matrix. The dependene on the harged leptonmass in the loop is negligible for the top quark ontribution, but not for theharm quark for the ase of tau lepton. Therefore the perturbative harmontribution is desribed in terms of the parameter
P(X) � 1�4 (23Xe + 13X� ) = 0:375� 0:009theory � 0:031m � 0:009as (2.11)where � = sin � = 0:2248 has been used. The errors on the right-handside of (2.11) orrespond to the unertainty in the harm mass, m and the14



oupling onstant, �s(M2Z). As an be seen from this equation, the theoretialunertainty in the harm ontribution, that used to be the dominant uner-tainty in estimating BR(K+ ! �+��), has been drastially redued by reentnext-to-next-to-leading-order (NNLO) alulations desribed in [11℄, and ithas been brought to the same order as the other ontributions.The theoretial unertainty in the dominant top ontribution is very small,and is essentially determined by the experimental error on the top quark mass,mt. With the top quark mass mt = (163:0� 2:8)GeV ( [11℄),X(xt) = 1:464� 0:041 (2.12)is obtained, and its ontribution to the unertainty in the BR is about 4%.The hadroni part of the K+ ! �+�� amplitude an be fatored out usingthe tree level K+ ! �oe+� deay, whose BR is well known and whih is theisospin-rotated K+ ! �+�� one:< �+jMjK+ >= p2 < �ojMjK+ > (2.13)With these de�nitions the branhing ratio for K+ ! �+�� an be writtenas
BR(K+ ! �+��) = �+ "� Im�t�5 X(xt)�2 + �Re�� P(X) + Re�t�5 X(xt)�2#(2.14)where

15



�+ � r+3�2BR(K+ ! �0e+�)2�2 sin4 �W �8 = (5:04� 0:17)� 10�11 � �0:2248�8 (2.15)and the �j's (� V �jsVjd) are from the CKM matrix elements. The r+ (=0:901) represents isospin breaking orretions in relating K+ ! �+�� to thewell-measured leading deay K+ ! �0e+� [12℄. In obtaining the numerialvalue in (2.15), we used [13℄
sin2 �W = 0:231; � = 1127:9 ; BR(K+ ! �0e+�) = (4:93�0:07)�10�2:(2.16)Expression (2.14) desribes in the �� � �� plane an ellipse with a small e-entriity, namely (���)2 + (��� ��0)2 = �B(K+ ! �+���)��+jVbj4X2(xt) ; (2.17)where
��0 � 1 + �4P(X)jVbj2X(xt) ; � � �1� �22 ��2 ; �+ � �+�8 = (7:64� 0:09)� 10�6:(2.18)Using (2.14) and the NNLO alulations in [11℄ for P(X), the branhingratio of ��� is predited to beB(K+ ! �+���) = (8:0� 1:1)� 10�11 (2.19)16



within the SM. It should be noted that, for an unertainty of 15% in (2.19),the theoretial unertainty is �7% at present, mainly due to the harm quarkontribution.The measurement of BR(K+ ! �+��) is regarded to be one of the leanestways to extrat jVtdj for the following reasons:� Long-distane ontributions to the branhing ratio are negligible (at most10�13) [14℄, [15℄.� The unertainty from the hadroni matrix element has been removed byusing BR(K+ ! �0e+�).� The remaining theoretial unertainties (7%) are relatively small andreliable as ompared with the errors in other K and B deays.2.3 Physis beyond the Standard ModelSine K+ ! �+�� is a seond order proess, a preise measurement of thebranhing ratio an investigate whether there are non-SM e�ets involved inthis deay mode or not. A possible disrepany between the measured branh-ing ratio and the SM predition would indiate the existene of new physisbeyond the SM. In the past, when the K+ ! �+�� BR was �rst measured, itsvalue put limits in fourth generation theories, SUSY and �fth fore theories( [14℄). Nowadays that the Unitarity triangle measurements from the B setorare preise, what an be performed is to determine � and � independently fromthe K and B deays, as shown in Fig. 2.6.17



%

�

0 1ACP (B !	KS)
KL ! �0���

�MBd=�MBs
K+ ! �+���

Figure 2.6: Shemati determination of the unitarity triangle apex (�,�) fromthe B system (blue) and from the K ! ���� deays (red). Both determi-nations an be performed with small theoretial unertainties, therefore anydisrepany between them, as illustrated in this hypothetial example [16℄,would indiate new physis.The information that is urrently being used to onstrain the unitaritytriangle is obtained only from the harged urrent proesses (i.e. tree-levelamplitudes) and the �S;�B = 2 loop-indued proesses. For example, deter-minations of � and � an be obtained from the B0d � �B0d mixing and the CPviolating asymmetry in B0d ! J= K0s , both of whih are mediated by �B = 2loop-indued proesses. On the ontrary, K+ ! �+�� and K0L ! �0��� aremediated via the �S = 1 FCNC transition. New physis may therefore beseen in a disrepany between K and B deays [16℄.Several SM extensions to new physis would a�et the ��� branhingratio. In the Minimal Flavor Violation (MFV) model, the ��� branhingratio is allowed to be as large as 1:9� 10�10 [17℄. In this model, the origin ofCP violation and quark \mixing" omes from the CKM matrix as in the SM,and from proess-independent universal master funtions, whih are real andwhih in the SM redue to the Inami-Lim funtions [19℄.18



In the "Enhaned Z0 Penguin" model [18℄, where a new imaginary phaseis introdued, the ��� branhing ratio is expeted to be almost the same asthe SM predition. However, the K0L ! �0��� branhing ratio is predited tobe (3:1 � 0:1) � 10�10, whih is 10-times larger than the SM predition, andis lose to the Grossman-Nir limit, BR(K0L ! �0���)=BR(K+ ! �+��) <4:4 [20℄. Another interesting predition derived from this model is that thevalue of sin 2� obtained from K ! ���� is not equal to that obtained fromB0d ! J= K0s .Sine a detetion of theK+ ! �+�� deay in pratie detets the transitionK+ ! �++nothing, limits an also be set for the K+ ! �+Xo, where Xo is amassless weakly interating partile suh as a familon [14℄. Suh a limit fromthe E949 measurements urrently exists at BR(K+ ! �+Xo) < 0:73� 10�10.Limits have also been set for massive Xo.It is worth mentioning that the lower �+ momentum phase spae studied inthis thesis, is also sensitive to a di�erent shape of the pion spetrum, resultingfrom salar or tensor interations as opposed to the SM vetor spetrum.Therefore, extra information in addition to just the value of the BR an beextrated by suh a measurement.
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Chapter 3
The experiment
The rare deay K+ ! �+�� has been searhed for by experiments for morethan thirty years, but only BNL's E787 [22℄ and E949 [21℄ have managedto �nd events and get a entral value for the Branhing Ratio. Figure 3.1summarizes the history of this searh.The BR found by E787 and E949 is onsistent with the SM predition(equation 2.19), but the entral value is twie the SM predition. It would beworth to on�rm the onsisteny between the measured branhing ratio andthe SM predition by running the E949 experiment longer to ahieve betterpreision, as shown by the last point in Fig. 3.1.3.1 Experimental OverviewThe experimental signature of the K+ ! �+�� deay is a single �+ trak andno other partile from a K+ deay, beause the two neutrinos in the �nal stateannot be deteted in the apparatus. K+ ! �+�� is a three-body deay with20
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Figure 3.2: Momentum spetra of the harged produt of the top 7 K+ deaymodes. The SM K+ ! �+�� spetrum is also shown (not in sale).a maximum momentum of 227 MeV/, and it has been traditionally searhedfor by the experiments E787 and E949 in two kinemati regions: \PNN1" and\PNN2" (the region studied in this analysis). The momentum de�nition ofthese regions, together with the momentum spetra of the outgoing hargedpartile (pion or muon) of the main bakground mehanisms relevant to PNN2,are shown in Fig. 3.2. Their Branhing Ratios are listed in Table 3.1. As itan be seen, the upper bound of PNN2 is very lose to the momentum (andenergy and range) of the major 2-body deay K�2.22



Bakground Branhing Ratio (�10�3)K+ ! �+�o (K�2) 209.2K+ ! �+�o (K�2) 0.275K+ ! �o�+� (K�3) 33.2K+ ! �+� (K�2) 6.2K+ ! �+��e+� (Ke4) 0.041Beam bakgrounds -CEX: K+n! Kop RKL = 2:8� 10�5KoL ! �+��� 135.0KoL ! �+e�� 194.0Table 3.1: Bakground proesses to the deay K+ ! �+�� in the kinematiregion below the K�2 peak, with their Branhing Ratios [8℄. CEX stands forCharge Exhange, and RKL is the KL prodution rate as found in [24℄.Sine, in the SM, the branhing ratio of K+ ! �+�� is expeted to be at� 10�10, all other kaon deay modes, as well as beam pions that satter intothe detetor aeptane, ould be soures of bakground. Therefore, preisekinemati measurements, positive partile identi�ation of the inoming Kand the outgoing �, and eÆient vetoing of all other deay produts (mainlyphotons) is required to suppress these bakgrounds to an aeptable level. TheE949 detetor has been designed with these requirements in mind, spei�ally:� The beam intensity should be as high as the detetor and data aquisitionsystem ould handle, sine the deay rate is extremely rare.� Pion ontamination in the kaon beam should be redued to be as low aspossible to minimize events with the sattered pion beam (Pion Satter-ing events).� Detetors along the beam path are installed, in order to assure the iden-tity of the inoming partile (partile identi�ation, PID) and to veto on23



other partiles arriving around the Kaon deay time.� A series of detetors give preise kinemati measurements, in order tosuppress the K+ ! �+�o bakground: the ative Target (TG) andtwo momentum degraders are designed to stop the inoming Kaon andmeasure its arrival time. The TG is surrounded by a drift hamber(UTC) immersed in a 1T magneti �eld, in order to measure the outgoingpartile momentum. Then the harged deay produt omes to a restin a stak of sintillators (RS), where its total energy and range aremeasured.� The harged partile should be identi�ed as �+, whih is ahieved byobserving the �+ ! �+ ! e+ deay sequene in the ounter in whih itstops and deays. This helps to suppress muon bakgrounds.� Any partiles other than �+ from K+ deay should be deteted andrejeted. Photon veto detetors over the detetor at 4�, and the TGan detet extra short-range harged deay produts.The BNL-E949 experiment [21℄ is a suessor to the experiment BNL-E787 [22℄, whose data taking was ompleted in 1998. The beam and apparatusare similar to those of E787, but several upgrades have been made:Beam� The proton intensity inreased by a fator of two ompared to E787,whih resulted in a twie higher kaon intensity than that in E787.Detetor 24



� A new lead/sintillator sandwih sampling alorimeter (Barrel Veto Liner,BVL) was installed in the barrel region, whih added 2.3 radiation lengthsto the photon vetos. Also installed were photon detetors that oversmall solid angles near the beam line: the Ative Degrader (AD), Up-stream Photon Veto (USPV) and Downstream Photon Veto (DSPV).� One third of the plasti sintillators in the �+ range ounters were re-plaed, whih enabled us to ahieve greater light output.� A gain monitor system, operated by blue LED ashers, was installedin the RS. The gain utuations of a phototube ould be traked downspill by spill, or even within a spill. This resulted in more preise energyalibration.� The eletronis for the drift hamber and straw hambers embedded inthe RS were modi�ed to meet the high rates.� Signals from several beam ounters were read out by waveform digitizers.Signal pileup due to the high beam intensity was solved by pulse-shapeanalysis.Trigger and DAQ� The level 0 trigger board was upgraded [25℄.� Digital mean-timer modules were used for online photon rejetion [25℄.This helped to avoid any aidental loss in the trigger.In the following setions, details onerning the E949 experiment are de-sribed. 25



3.2 The beamThe K+ beam is produed by a high-intensity proton beam from the Alter-nating Gradient Synhrotron (AGS) at BNL. A shemati view of the AGSaelerator omplex is shown in Fig. 3.3.Protons are aelerated to a momentum of 21.5 GeV/. 65�1012 protons(Tp) are extrated in a 2.2-seond long "spill" one every 5.4 seonds from theAGS. The slow extrated beam (SEB) is transported to the kaon produtiontarget for E949. The platinum prodution target extends 6 m in the beamdiretion, and is loated on a water-ooled opper base. Under typial AGSrunning onditions, 65 Tp hit the prodution target every 2.2 seond spill at21.5 GeV/.The Low Energy Separated Beam line III [26℄ (LESBIII, shown in Fig. 3.4)ollets and fouses kaons produed at the prodution target. The beam emit-ted toward 0 degrees ontains about 500 pions and 500 protons for every kaon,and is momentum-seleted by a dipole magnet (D1 in Fig. 3.4). Two eletro-stati separators (Separators 1 and 2 in Fig. 3.4) sweep pions and protons outof the beam. The resulting beam is further seleted by a seond dipole magnet(D2 in Fig. 3.4). LESBIII ontains a number of fousing quadrupole (Q1-10),sextupole (S1-3), and otupole (O1) magnets and ollimating slits, and has atotal length of 19.6 m from the prodution target to the E949 target. Kaonswith 710 MeV/ momentum were transported down this beamline.The angular aeptane of LESBIII is 12 msr and the momentum aep-tane is 4.5% FWHM. LESBIII provides the world's highest-intensity kaonbeam of 710 MeV/ with a ux of about 5�105 K+'s per Tp on the prodution26



Figure 3.3: Shemati view of the AGS omplex, whih onsists of a 200 MeVLINAC, a booster and a synhrotron. The seondary beam lines are loatedin the experimental area.
27



Figure 3.4: Low-energy separated beam line III at BNL.target. The K+ : �+ ratio in the beam is about 3:1 1. Proton ontaminationis negligible due to a large deetion of protons by the separators. Under thetypial AGS running ondition of 45 Tp on the prodution target per spill,1:3� 107 K+'s emerge from LESBIII.3.3 The detetorA side view of the E949 detetor is shown in Fig. 3.5. The E949 detetoronsists of beam instrumentation, a target of sintillating �bers, a entral drifthamber, a stak of plasti sintillators (Range Stak), and hermeti photondetetors.The whole detetor is surrounded by a solenoid magnet with a 1 Tesla mag-neti �eld along the beam line for momentum measurements. The oordinates1The K=� ratio in E787 was 4:1. This worse K=� ratio was due to a problem with theseond separator. 28



π

KFigure 3.5: Side view of the E949 detetor.
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of the detetor are de�ned suh that the origin is at the enter of the target;the z-axis is along the beam diretion and the x-axis and y-axis are set in thehorizontal and vertial diretions, respetively.3.3.1 Beam detetorsSine the beam intensity is very high and the beam ontains pions with a ratioof K+ : �+ = 3 : 1, a single kaon entering the target should be identi�ed by thebeam instrumentation. It has three roles: kaon identi�ation, slowing downthe kaon, and the detetion of extra beam partiles if they exist at the kaonbeam time or the kaon deay time. The beam instrumentation from upstreamto downstream onsists of a �Cerenkov ounter, the Upstream Photon Vetodetetor, beam wire hambers, degraders and a beam hodosope.The kaon beam from LESBIII �rst enters the �Cerenkov ounter loatedjust downstream of the last quadrupole magnet (Q10) and 2 m upstream ofthe target. A side view of the �Cerenkov ounter is shown in Fig. 3.6.The reetion index (n) of the radiator is 1.49, whih gives a thresholdof �Cerenkov radiation ��C = 1=n = 0:671 and a reetion threshold �ref =q 1n2�1 = 0:905. Kaons and pions with a momentum of 710 MeV/ have�K+ = 0:821 and ��+ = 0:981, respetively. Therefore, the �Cerenkov light fromkaons is not reeted at the inner surfae of the radiator, but the �Cerenkovlight from pions is reeted. The light from a kaon exits the radiator and isreeted by a paraboli mirror to the outer ring of 14 photomultiplier (PMT)tubes (Kaon �Cerenkov Counter), while that from a pion is internally reetedwithin the radiator and deteted in the inner ring of 14 PMTs (Pion �Cerenkov30



Figure 3.6: Side view of the �Cerenkov ounter.Counter).The PMT signals are fed to time-to-digital onverters (TDCs) via disrim-inators, as well as to 500 MHz transient digitizers based on gallium-arsenide(GaAs) harge-oupled devies (CCDs) [27℄. The pulse-height information inevery 2 ns interval is reorded in the CCDs to reprodue the time developmentof the pulses.A harged partile passing through the �Cerenkov ounter gives a signal in anumber of PMTs in the Kaon or Pion �Cerenkov Counters; PMT hits oinidentwith eah other are alled a "luster". A kaon is identi�ed by requiring thatthe Kaon �Cerenkov Counter has a hit luster and the Pion �Cerenkov Counterhas no hit luster.Two inoming partiles lose in time an give a signal in the same PMTs,and a pileup signal may not be found by the TDCs. In this ase, the pulseshapes reorded in the CCDs an be used to disriminate suh pileup signals.31



Right downstream of the �Cerenkov ounter there is the Upstream PhotonVeto (USPV) detetor. This is made of 12 layers of 28.4 m2 plasti sintillatorsheets, 2 mm thik, alternating with 1 mm (the 6 most downstream ones) or 2mm (the 5 most upstream ones) thik lead sheets. The downstream-most layerof lead was replaed by 2.2 mm thik opper, whih formed part of the boxholding the layers together. The upstream side of the box is made by 3.175mm thik aluminum. The detetor has a 175 mm wide by 40 mm high slot inthe enter to allow the beam to pass through, and is divided horizontally in 2modules, eah read out by one PMT. Eah sintillator layer was read out by21 wavelength shifting (WLS) �bers going to one of these 2 PMTs. Then thesignals from eah PMT were fed to a TDC, an ADC and a CCD.Although the USPV was originally designed as a photon veto detetor forthe photons that might esape in the beam diretion, it was found that itsrate was overwhelmed by beam partiles and its segmentation into only 2modules did not give enough spae resolution to distinguish between beampartiles and upstream-going photons. Therefore its time, energy and CCDpulse information was used to veto beam partiles oinident with the kaondeay time.Behind the USPV, two Beam Wire Projetion Chambers (BWPCs) are lo-ated, and allow to monitor the beam pro�le and to identify multiple inomingpartiles. Cross-setional views of the BWPCs are shown in Fig. 3.7.The �rst hamber (BWPC1) onsists of 3 planes of anode wires, labeledU, V and X. The diretion of the wires in the X-plane is vertial, and in theU- and V-planes are at �45o to the vertial plane respetively. The wires aremade of gold-plated tungsten with 0.012 mm diameter. The BWPC1 has 72,32
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down the kaons so that they ome to rest in the target. The degraders haveinative and ative parts. The upstream inative degrader is made of 111.1mm long beryllium oxide (BeO) and 4.76 mm Luite. The thikness of theInative Degrader is appropriate for stopping kaons with a momentum of 710MeV/, in ombination with the Ative Degrader and (part of) the Target.BeO, with high density and low atomi number, minimizes multiple sattering.The downstream ative degrader (AD) onsists of 40 layers of 2 mm thiksintillator disks (139 mm in diameter) alternating with 2-mm thik opperdisks (136 mm in diameter). The AD is split into 12 azimuthal segments, andthe sintillation light in eah segment is sent to a single PMT through 14 wavelength shifting (WLS) �bers running in grooves ut into the perimeter of thedisks. The PMT outputs are fed to TDCs and CCDs. The signals from 4PMTs are multiplexed and fed to a single analog-to-digital onverter (ADC).Using this information, the AD has the ability to identify the beam partilesand to detet ativity oinident with kaon deays.After passing through the degraders, just in front of the target, a beamhodosope (B4 Hodosope) detets the inoming partile and identi�es it asa kaon or pion by measuring the energy deposit. An end view of the B4Hodosope is shown in Fig. 3.8.The B4 Hodosope onsists of two planes (U- and V-plane, 119 mm indiameter) to provide position information. Eah plane has 12 sintillator �n-gers. The ross setion of the �nger has a "Z-shape", as shown in Fig. 3.9,with a 6.35-mm thik middle part and 3.175-mm thik edge parts. This shapeallows the B4 Hodosope to have no inative region and improves its spatialresolution. 34



Figure 3.8: End view of the B4 Hodosope.
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In eah �nger, 3 WLS �bers are embedded and fed to a single PMT that isread out by TDCs, ADCs and CCDs. A double-pulse �tting is performed to thesignals reorded in the CCDs in order to detet pileups. The time developmentof the output signals is �tted with a single- or double-pulse assumption, whihallows to rejet events if the �tted pulse is more likely to be a double pulseand the time of the seond pulse is oinident with the K+ deay time.The B4 is surrounded by a ring of sintillator, the Ring Veto (RV), whihovers the rak between the B4 and the I-Counter (desribed later). It is3.27 mm thik, with an outer diameter of 145.5 mm, and as long as the B4hodosope. The RV is segmented vertially to 2 modules, eah one read outseperately and with its signals sent to a TDC, an ADC and a CCD.3.3.2 Target (TG)After passing through all the beam elements and being slowed down by thedegraders, 3:9� 106 kaons per spill enter the sintillating �ber target loatedin the enter of the spetrometer. Kaons lose more energy, ome to rest, anddeay in the target.The TG onsists of 413 5-mm square and 3.1-m long plasti sintillating�bers that are bundled to form a 12-m diameter ylinder. A number of smaller�bers (alled "edge �bers") �ll the gaps near the outer edge of the TG. Endand side views of the target are shown in Fig. 3.10.Eah of the 5.0-mm �bers is onneted to a PMT, whereas the edge �bersare multiplexed into groups of 12 and eah group is onneted to a singlePMT. The PMTs are read out by ADCs, TDCs and CCDs. Kaons, whose36
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Figure 3.10: End (left) and side (right) views of the target. The CCD pulse-shape information is used to �nd kaon and pion lusters, as shown in the left�gure. The lower two plots ((a) and (b)), are CCD pulses for a kaon, and theupper two plots (() and (d)), are those for a pion. Two layers of 6 plastisintillators, the I-Counter (IC) and V-Counter (VC), surround the target.veloities are small, typially lose a large amount of energy (few tens MeV) ineah �ber, while pions from kaon deays lose about 1 MeV per �ber, sine theytravel as minimum ionizing partiles (MIPs). Pattern reognition is performedto �nd �bers that belong to a kaon's path or a pion's path. The CCD pulseinformation is used to �nd lusters for kaons (kaon �bers) and pions (pion�bers). A double-pulse �tting is also performed to �nd the �ber where aK+ ! �+ deay vertex is loated, sine the outgoing pion leaves a seondpulse, and to estimate the energy loss and thus the range of the pion inludedin the kaon �ber.The �duial region of the target is de�ned by two layers of 6 plasti-sintillating ounters that surround the target (see Fig. 3.10). The inner sin-tillators, alled I-Counter (IC), tag harged deay produts for a trigger beforethey enter the drift hamber. The IC is 6.4 mm thik at an inner radius of6.0 m, and extends 24 m downstream from the upstream fae of the target.37



Eah sintillator is instrumented with a PMT, and is read out by an ADC, aTDC and a 500 MHz transient digitizer (TD) based on ash ADC [28℄.The outer sintillators, alled the V-Counter (VC), overlap the downstreamedge of the IC by 6 mm, and serve to detet partiles that deay downstreamof the �duial region of the target. The VC is 5 mm thik and 1.96 m long,and is staggered with respet to the IC. Eah sintillator is instrumented witha PMT, whih is read out by an ADC and a TDC.3.3.3 Drift Chamber (UTC)The drift hamber, alled "Ultra Thin Chamber" (UTC), is loated just out-side of the IC. The whole E949 spetrometer is in a 1 Tesla magneti �eld.Positively harged partiles are bent lokwise in the view from downstream.The primary funtions of the UTC are measuring the momentum of hargedpartiles and providing a mathing between the traks in the target and in theRange Stak.The UTC has a length of 51 m and inner and outer radii of 7.85 m and43.31 m respetively. It is omposed of 12 layers of drift ells, grouped into 3superlayers. The inner superlayer has 4 layers of 48 ells, the middle superlayerhas 4 layers of 96 ells, and the outer superlayer has 4 layers of 144 ells (shownin Fig. 3.11).Eah ell is omposed of 9 wires strung axially. A single anode wire, made ofgold-oated tungsten with a 20 �m diameter, is surrounded by 8 athode wiresmade of gold-oated aluminum with a 100 �m diameter, whih are arranged ina square. Adjaent ells share the athode wires at the boundaries. The ells38



Figure 3.11: Shemati view of the Ultra Thin Chamber.in eah layer are staggered by one-half ell with respet to the neighboringlayers, in order to resolve a left-right ambiguity. The superlayers are �lledwith a mixture of argon (49.6%), ethane (49.6%) and ethanol (0.8%) gases.The athode wires are grounded, and the anode wires are maintained at 2 kV(gain = 8�104, drift veloity = 5 m/�s). Eah anode wire is instrumentedwith an ADC and a TDC. The drift time to the anode wires provides (x; y)positions for harged traks.The inner and outer radii of eah superlayer have helial arrays of athodestrips, whose pith angle is 45o. The strips, with a width of 7 mm, are madeof 1200 �A thik opper oated with 300 �A thik nikel, and are mounted ona 25 �m thik Kapton foil. The separation between the strips is 1 mm. Theathode foils have 48, 72, 108, 144, 180, and 216 strips from the inner to theouter layers, respetively. The Z position of a harged trak is measured from39



the energy-weighted mean of the luster of hit strips. The resolution for az-position measurement is about 1 mm. Eah athode strip is instrumentedwith an ADC and a TDC.There are 2 inative regions �lled with nitrogen gas between the 3 super-layers. The di�erential pressure in the 5 gas volumes supports the athodefoils (exluding the innermost and outermost foils, whih are held in plae bysupport tubes). The total mass in the ative region of the UTC, exluding theinner and outer support tubes and innermost and outermost foils, amounts to2�10�3 radiation lengths.The momentum resolution (�P=P ) for the two body deays K�2 and K�2is 1.1% and 1.3%, respetively. More information on the UTC is given in [29℄.3.3.4 Range Stak (RS)The primary funtions of the Range Stak (RS) are energy and range measure-ments of harged partiles and their identi�ation. It is also used as a PhotonVeto detetor, with ~0.8 radiation lengths. The RS is loated just outside theUTC at an inner radius of 45.08 m and an outer radius of 84.67 m. It on-sists of 19 layers of plasti sintillators, azimuthally segmented into 24 setors(see Fig. 3.12). Conventionally, the 24 setors are grouped into 6 \hextants"of 4 setors eah (setors 1-4, 5-8, 9-12, 13-16, 17-20, 21-24).The sintillators of layers 2-18 have a thikness of 1.905 m and a lengthof 182 m. The sintillators of layer 19 have a thikness of 1 m. This layer ismainly used to veto harged partiles with long range by requiring that theydo not reah the layer-19 sintillators. The sintillation light in the layer 2-1940



Downstream view of Range Stack
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ounters is led by light guides to PMTs at both the upstream and downstreamends.The innermost ounters, alled T-Counters, have a thikness of 6.35 mmand a length of 52 m. 17 WLS �bers are embedded in eah sintillator for readout, and are grouped and fed to a single PMT at eah end. The T-Countersignals are used to produe a trigger signal and to de�ne the �duial regionas 2� sr solid angle, whih is almost the same as the solid-angle aeptane ofthe UTC.Eah PMT of the RS sintillators is read out by an ADC and a TDC.Signals from 4 PMTs at the same end, same hextant and same layer aremultiplexed and read out by a single TD. The signals are demultiplexed in theo�ine event reonstrution by using TDC information in order to determinewhih ounter the signal ame from. The ADCs reord harges in a 100 nswindow, and the TDCs reord the time of hits in the range of 10 �s. The TDsreord pulse heights of PMT signals in 2 ns intervals (500 MHz sampling) forup to 2 �s to provide information on the time development of the pulses. This500 MHz sampling provides detailed information about the pulse shapes, whihenables the separation of two pulses as lose as 5 ns in time, by performing ano�ine pulse �tting. The gate width of the TDs is narrower than that of theTDCs in order to redue the data size.The time of a hit in the RS ounters is obtained from the average of theupstream and downstream TDC times, and the z position of the hit is obtainedfrom their time di�erene. In the ase that TDC hit information is missing, thehit time information is omplemented with the orresponding TD informationif available. 42



The �+'s from the ��� deay in the PNN2 region, whose momentum is upto 199 MeV/, ome to rest in the RS. Pions with 199 MeV/ an propagateinto plasti sintillator by roughly 28 m. The total radial thikness of the RSand target is 45 m, therefore most of the ���(2) �+'s (whih are also bent inthe 1 Tesla magneti �eld) lose their entire kineti energy and ome to rest bythe 10th layer of the Range Stak. On the other hand, the momentum of �+'sfrom kaon deays at rest are at most 236 MeV/. Muons with 236 MeV/(suh as �+'s from K�2 deays) an propagate into plasti sintillator by 54.3m. Hene, K�2 deays are suppressed by requiring that harged traks ometo rest by the 12th layer of the RS.However, the �+'s from K�2 and K�3 deays ould ome to rest earlierin the RS. Besides, a �+ an deay in ight and the seondary �+ may ometo rest in the RS. For this reason, further identi�ation of �+ in the RS isperformed by observing the �+ ! �+ ! e+ deay sequene in the TDs andTDCs of the ounter where the �+ omes to rest (the \stopping ounter").Typial TD pulses in and around the stopping ounter for a pion trak areshown in Fig. 3.13.The �+ from the �+ ! �+�� deay at rest has a kineti energy of 4 MeV(equivalent range in plasti sintillator is 1 mm) and rarely goes out of thestopping ounter. On the ontrary, the e+ from the �+ ! e+�e�� deay atrest has a kineti energy of up to 52 MeV, and the e+ trak loses kinetienergy not only in the stopping ounter, but also in the neighboring ounters.The �+ ! �+ deay at rest, whose lifetime is 26 ns, is deteted by using TDinformation of the stopping ounter by performing a double-pulse �tting, whilethe sequential �+ ! e+ deay, whose lifetime is 2.2 �s, is deteted by using43



Figure 3.13: Pulses in and around the stopping ounter reorded by the TDsof the upstream and downstream ends. The �+ ! �+ ! e+ deay sequeneis reorded in the stopping ounter (Layer 12 in this ase). The �+ from the�+ ! �+ deay is ontained in the stopping ounter. The positron from the�+ ! e+ deay should also be found in the ounters around the stoppingounter (Layers 13 and 14 in this ase).
44



TDC information of the stopping ounter as well as the neighboring ountersby requiring that the times of the hits from the e+ trak are onsistent witheah other.Range Stak Straw Chambers (RSSCs) are loated after layers 10 and 14of the RS. The inner RSSC onsists of two layers of 24 straws per setor, andthe outer RSSC onsists of two layers of 28 straws per setor. The RSSCs areused to determine the trajetory (and therefore re�ne the range) of a hargedpartile in the RS. Information on the RSSCs is given in [30℄.Energy, range and momentum measurements of harged traks are ruialto distinguish the �+'s in the signal region from bakgrounds due to K�2deays, whih have monohromati momenta of 205 MeV/. Energy, rangeand momentum resolutions of 2.8%, 2.9% and 1.1% respetively are ahievedfor fully ontained K�2 deays.3.3.5 Photon VetoThe detetion of any ativity oinident with the harged trak is ruial forsuppressing the bakgrounds for K+ ! �+��. Photons from K�2 and otherradiative deays are deteted by a hermeti set of photon detetors, whih areshown in Fig. 3.14.The photon detetors, surrounding the K+ deay vertex in a 4� solid angle,are loated in the barrel, upstream and downstream end aps, and near thebeam line. Photon veto is performed by the Barrel Veto (BV), the Barrel VetoLiner (BVL), the upstream and downstream End Caps (ECs), the upstreamand downstream Collar detetors (CO), the downstream Miroollar detetor45



Figure 3.14: Shemati side (left) and end (right) views of the upper half ofthe E949 detetor. Newly installed or upgraded photon detetors for E949 arein blue.(CM), as well as the AD, target, IC, VC and RS.The BV, 1.9-m long, is loated in the outermost barrel region with aninner radius of 94.5 m and an outer radius of 145.3 m. It surrounds twothirds of the 4� sr solid angle. The BV onsists of 48 azimuthal setors andfour radial segments. The radial modules onsist of 16, 18, 20 and 21 layersof 1-mm thik lead and 5-mm thik plasti sintillator from inner to outermodule respetively. The azimuthal boundaries of eah setor are tilted sothat photons from the deay vertex ould not travel along the inative inter-setor gaps without losing their energy in the ative regions.The BV has 14.3 radiation lengths in total. Eah end of eah module isread out by a PMT and the signals are reorded by an ADC and a TDC.The time resolution of individual BV ounters is measured to be 1.0 ns. Theresolution is limited by the sampling time of the TDCs. The fration of thephoton energy left in sintillators is about 30%.46



The BVL, whih is newly installed for E949, is loated just outside theRange Stak and inside the Barrel Veto. It has an inner radius of 85.2 m andan outer radius of 93.5 m, and onsists of 48 azimuthal setors and 12 radiallayers of 1 mm thik lead and 5 mm thik plasti sintillator.The BVL has 2.3 radiation lengths in total. Its length (2.2 m) is larger thanthat of the BV, so that the BVL adds ative material to a region of the detetorwhere the radiation length is relatively small. Eah end of eah module is readout by a PMT and the signals are reorded by an ADC and a TDC. Groupsof 8 adjaent setors in eah end are read by TDs. The time resolution of theindividual BVL ounters is measured to be 0.5 ns. The resolution of the BVLmodules is also limited by the TDC sampling time. The fration of the photonenergy seen by sintillator is about 30%.The EC photon detetor [31℄ is loated in the 1 Tesla magneti �eld andovers roughly one-third of the 4� sr photon overage. The EC is exposed ina high ounting-rate environment near the beam line, where beam partilesause many hits that are not oinident with kaon deays. These hits maymask photons from K�2 deays in the ase that an aidental hit arises earlierthan the photon hit, or ause vetoing on aidentals and loss of aeptane.Therefore o�ine double-pulse �nding in the signals reorded by the CCDs,and vetoing on these seond pulses separately, is ruial.The upstream EC detetor onsists of 75 undoped Cesium Iodide (CsI)rystals, segmented in four rings (13, 14, 21 and 27 rystals from the inner toouter ring respetively), and the downstream EC detetor onsists of 68 rys-tals in four rings (11, 13, 19 and 25 from the inner to outer ring respetively).A total of 143 rystals with a pentagonal ross-setion are used (Fig. 3.15).47



Figure 3.15: End view (left) and bak view (right) of the upstream End Cap.Eah rystal has a length of 25 m (13.5 radiation lengths) and the wholeEC detetor is designed to minimize photon esape through its radial raks.Fine-mesh PMTs [32℄, whih maintain high gains in strong magneti �elds, areattahed diretly to the rystals to ahieve eÆient light olletion (Fig. 3.15).Only the fast omponent of the CsI light output with a deay time of a fewtens of a nanoseond at a wavelength of 305 mm is enhaned by ultraviolettransmitting optial �lters attahed to the PMT window. The PMT signalsare read out by ADCs, TDCs, and CCDs.The upstream and downstream CO detetors are loated outside the ECsand around the beamline, so that they over the region with small anglesaround the beam line. They are similar in onstrution and ross-setionalsize, but the upstream CO is about half the thikness of the downstream one.Their xy rossetion is a�50 m by �50 m dodeagon with a 203.2 mm (164.3mm for the downstream CO) hole in the middle, and they are segmented in12 azimuthal setors. The downstream CO onsists of 25 layers of 5 mm thiksintillator alternating with 2 mm thik lead, with a total thikness of about48



173.5 mm and about 9 radiation lengths. The light from eah setor is readout by bundles of WLS �bers glued in grooves in the sintillator, then fed toa PMT outside the magneti �eld through a luite lightguide. The upstreamCO is read out diretly with the lightguide, and has no �bers. The signals arereorded by TDCs and ADCs.3.4 TriggerThe trigger selets signal-like events out of all kaon deays to be reorded,based on logi pulses, ADC and TD information from the detetor elements.Digitized information of the seleted events, whih orrespond to 70-80 Kbyteof data per event, is transfered from the eletronis hut to the main omputerfor data taking.The trigger is omposed of a fast level-0 trigger and level-1.1 and -1.2triggers. The level-0 trigger makes deisions entirely with logi pulses fromdetetors. It has a rejetion of 103 and introdues 38 ns of dead time for everyoinident hit in the �rst two layers of the Range Stak (T�2). The level-1.1and -1.2 triggers involve partial proessing of ADC and TD data, and operateon the lower rate events that pass the level-0 trigger. The level-1.1 triggerhas a rejetion of 12 after level-0, and introdues 10 to 20 �s of dead timeper level-0 trigger. The level-1.2 trigger has a rejetion of 2 after level-1.1 andintrodues a dead time of up to 100 �s per level-1.1 trigger. The entire triggerfor ��� therefore has a rejetion of 24000, and redues the 2.6�106 kaon deays(during the time the detetor is live) to about 100 events per spill.Two triggers are used for the ��� analysis, ���(1) and ���(2) for the two49



kinemati regions. For the ���(2) study, the OR of these two triggers will beused. They onsist of the following requirements:����(1) � KB �DC � IC � T � 2 � (6t + 7t) � 19t � BV+ BVL + EC �(L0 rr1(1) � US + L0 rr1(2) �DS) � L0 zfrf �HEX � L1:n����(2) � KB �DC � IC � T � 2 � 3t � 4t � 5t � 6t � (13t + � � �+ 18t) � 19 �BV+ BVL + EC � L0 rr2(1) � HEX � L1:n � (ps16 + C�) (3.1)where� K+ Stop Requirements:{ KB : KB requires a oinident hit in the Kaon �Cerenkov Counter,the B4 Hodosope, and an analog sum of the energy of the hit �bersthe target of at least 20 MeV. This requirement ensures that a kaonenters the target.{ DC : Online delayed oinidene, in whih the IC time is required tobe at least 2 ns later than the time in the Kaon �Cerenkov Counter.This delayed oinidene requirement ensures that a kaon deays atrest.� Fiduial Requirements on Charged Traks:{ IC : At least one hit in the I-Counter is required to be oinidentwith the T�2 time. This ondition requires that a harged trakfrom a kaon deay enters the �duial region of the detetor.
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{ T�2 : A oinidene hit is required in the �rst two layers (T-Counterand layer 2) of the Range Stak in the same setor. This onditionrequires that a harged trak from a kaon deay enters the RangeStak.{ L0 zfrf : For ���(1), extra �duial requirements are imposed. Aharged trak is required to stop in the ative region of the RangeStak sintillators, and not in the seond RSSC. In suh a ase,�+s from K�2 deays an fake �+s that ome to rest in the RangeStak layer 14. Suh a onstraint is not needed for ���(2), beause���(2) pions are not allowed to reah layer 13.� Range Requirements on Charged Traks:{ (6t+7t) or 3t �4t �5t �6t : For ���(1), a harged trak must reahthe Range Stak layer 6 or 7. For ���(2), it must reah layer 6 andhave hits in all previous layers. The T�2 setor and two setorslokwise from it are de�ned as the harged trak (t) setors. Thisondition removes short-range traks from 3- and 4-body deays.{ (13t + � � �+ 18t)�19 : For ���(2), a harged trak is not allowed toreah Range Stak layers 13-19, whereas for ���(1) this requirementis loosened to only layer 19 veto. This ondition removes �+ andother long traks, and, for the ase of ���(2), it allows to olletmore events in the kinemati region of interest.{ L0 rr2(i) : Re�ned range requirement on a harged trak. �+'s fromK�2 deays are suppressed by the (19t) requirement. However,some of the �+'s an still survive the requirement if their polar51



angle with respet to to beam diretion is small and they stop nearthe edge of the RS sintillators. Events are rejeted if the rangealulated in the online trigger is too long. For ���(1) and ���(2)di�erent \masks" are used, given their di�erent range. The onlinerange in the target is obtained from the number of hit �bers, and theonline range in the Range Stak is obtained from the stopping layerof the harged trak and orreted for the polar angle. The polarangle is measured by the z positions at RS layers 11, 12 and 13,whih are obtained from the end-to-end time di�erene of both-endhits. The online stopping ounter is found by the "stopping ounter�nder" (SCF), whih de�nes the outermost and most lokwise tounter as the stopping ounter.� Online Photon Veto:{ BV + BVL + EC : Online photon veto in the BV, BVL and EC.Any photon hit whih is oinident with T�2 and whose energy isabove a threshold is not allowed. Eah PMT signal from eah end ofthe BV and BVL ounters is disriminated by the threshold orre-sponding to 5 MeV, and the mean time of the disriminated signalsfrom both ends is given by digital mean-timers [25℄. Events are re-jeted if the output signals of the mean timers are oinident withT�2. Eah PMT signal from eah End Cap rystal is disriminatedby the threshold orresponding to 20 MeV. Events are rejeted ifthe output signals are oinident with T�2.{ HEX : Only one RS hextant is allowed to have hits oinident with52



T�2, or two hextants if they are adjaent. This rejets events withmultiple traks and events with photon ativity in the RS.� Level-1.1 and 1.2:{ L1.1 : Level-1.1 trigger requires a signature of �+ ! �+ deay in theonline stopping ounter. The height (PH) and the area (PA) of thepulse(s) reorded by the TDs in the stopping ounter are ompared.The deision is made by a ontrol board with Appliation Spei�Integrated Ciruits (ASICs) in eah TD board. The ratio PH/PAwould be smaller for double pulses than for a single pulse. Eventsare rejeted if the PH/PA ratio is large.{ L1.2 : Level-1.2 trigger onsists of three parts: (1) Events arerejeted if oinident hits are deteted in a RS ounter near thestopping ounter. It rejets events with muons that pass Level-1.1due to aidental hits from the outside providing the double-pulse�+ ! �+ deay signature in the stopping ounter. (2) Eventsare rejeted if one of two adjaent hextant hits is not due to aharged trak (\hextant afterburner"). This requirement removesthose events that pass the HEX requirement beause of aiden-tal hits. (3) Events are rejeted if the SCF assignments are notmeaningful (e.g., stopping layer is more than 19).� Pion �Cerenkov veto{ (ps16+C�) : An online pion �Cerenkov veto was imposed in themiddle of the run, when the beam separator broke down and the53



rate of beam pions was found to be too high. This requirement waspresaled by 16 (i.e. it was not applied in one every 16 events), inorder to be able to measure its rejetion and assess its e�et. Thedata taken before the addition amount to about 39.4% of the total.In addition to the ��� trigger, various "monitor" triggers also olletedevents for use in data quality assessments, alibration of detetor subsystems,and aeptane and bakground alulations.� K�2(1)= KB � T � 2 � (6t + 7t) � (19t)� K�2(2)= KB �DC � T � 2 � IC � (6t + 7t) � (19t) � HEX � L1:n� K�2(1)= KB � T � 2 � (6t + 7t) � (17t + 18t + 19t)� �satter = �B �DC � T � 2 � IC � (6t + 7t) � BV + BVL + EC � HEX,where �B requires that a pion enters the target. Beause eah monitortrigger is highly presaled, the number of all the monitor triggers in eah spillwere at most 10.3.5 Monte Carlo Simulation (UMC)The detetor and the physis proesses in it are modeled by a Monte Carlo(MC) simulation program. The MC inludes all of the detetor elements,exept for the beam instrumentation upstream of the target, therefore thesimulation of kaon deays in the E949 detetor starts from a "beam �le" withthe (x,y,z) positions of kaon deays in the target obtained from an analysis of54



K+ ! �+� deays. The MC generates all data, exept for the TD and CCDpulse-shape information.Multiple Coulomb sattering of harged partiles with various nulei inthe detetor are alulated aording to the theory of Moliere [33℄, with or-retions for the spin of the sattered partile and the form fator of the nu-leus [34℄. Hadroni interations of positively harged pions in the plastisintillators are alulated using a ombination of data and phenomenologialmodels [35℄. Photon and eletron interations are alulated using the EGS4eletromagneti-shower simulation pakage [36℄.The auray and the performane of the MC has been veri�ed by ompar-ing the di�erent kinemati variables from data and MC for K+ ! �+�o andK+ ! �+� deays.3.6 Summary of 2002 Data TakingThe E949 experiment had the �rst physis run for 12 weeks from Marh toJune in 2002. The data olleted in the run period orresponded to KBlive =1:77 � 1012 kaon deays in the target. This number is found by salers thatount the number of KB triggers for every spill, and then is orreted for theamount of data disarded beause the detetor had some tehnial aw duringthat time (\bad runs"). Fig. 3.16 shows the number of aumulated kaondeays as a funtion of the data-taking days for the various running years ofE787 and E949.The E949 run was performed under a high beam intensity environment.The proton intensity of the AGS inreased to twie as high as in E787. The to-55



Figure 3.16: Number of kaon deays in the target as a funtion of the data-taking days for E787 and E949.
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tal exposure of kaons available for E949 was 30% that of E787, whih reorded5.94�1012 kaon deays in the target.
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Chapter 4
Analysis overview
Reliable detetion of a proess as rare as K+ ! �+�� requires knowledge andsuppression of the bakground proesses of the order of 10�12, depending onthe ahieved aeptane. For this purpose, a set of stringent seletion riteria(\uts", see Appendix A) is used in a blind analysis, in order to estimate theexpeted bakground levels from data. Monte Carlo simulation is also used forthe bakgrounds that annot be reliably identi�ed in the data samples. In thishapter, the analysis tehnique and the methods used to verify its reliabilitywill be desribed.4.1 Event ReonstrutionThe event reonstrution onsists of reonstrution of a harged trak in thetarget, UTC and Range Stak, of the kaon path and the deay vertex in thetarget, of beam partile hits in the beam instrumentation, and of photon hitsin the photon detetors. The event reonstrution in the x-y view is shown in58



Fig. 4.1.Charged-trak reonstrution is performed twie for the target, UTC andRS. The �rst step is to identify the Range Stak ounters that have hits dueto the trak (\trak ounters"). First, a setor that has oinident TDC hitsin the �rst two layers of the RS ounters around the online T�2 timing isdetermined to be the o�ine T�2 setor. If the setor is not found, the onlineT�2 setor is used. The trak ounters are de�ned as the ounters that haveTDC hits oinident with the T�2 timing. The average time of the trakounters is de�ned as the trak time, trs. The outermost and most lokwisetrak ounter is de�ned as the o�ine \stopping ounter".The UTC trak is reonstruted by two separate �ts: one in the x-y plane(perpendiular to the beam axis) and one in the r-z plane (formed by theradial and beam axes). In the x-y plane, a irle is �tted to the hit positionsderived from the wire loations and drift distanes. In the r-z plane, a straightline is �tted to the athode strip hits. The polar angle of the harged trak isevaluated from this r-z �tting.In the �rst step of the target reonstrution, the times, energies and po-sitions of the target �bers having CCD hits are examined, and they are at-egorized into "kaon", "pion", "opposite-side pion" and "gamma" �bers. The"kaon" �bers are determined as the ones that have energies larger than 4 MeV,times oinident with that of the B4 Hodosope, and positions loated outsidea band (\swath") around the extrapolated UTC trak. The average time ofthe kaon �bers is de�ned as the target kaon time, tk, and their energy sumrepresents the target kaon energy. The kaon deay vertex is determined by thekaon �ber that is losest to the extrapolated UTC trak and farthest from the59
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x-y position of the B4 Hodosope hit. The z position of the kaon deay vertexis obtained by extrapolating the UTC trak to the deay vertex �ber. The"pion" and "opposite-side pion" �bers are seleted by taking the �bers whihhave energies typially less than 1 MeV, times oinident with the trak time,and positions inside the swath. The �bers on the side of the UTC trak relativeto the deay vertex are assigned to "pion" �bers, and the ones on the otherside are assigned to "opposite-side pion" �bers. The opposite-side pion �bersould potentially be indiating additional harged partiles. The average timeof hits in the pion �bers is de�ned as the target pion time, tpi. The �bers thathave times onsistent with the trak time and are not ategorized as the kaon,pion or opposite-side pion �bers, are assigned to "gamma" �bers. Hits in thegamma �bers potentially originate from photons or seondary beam partiles.In the RS stopping ounter, the �+ ! �+ deay signature is searhed forvia a pulse-�tting method. When a �+ omes to rest in the RS, the stoppingounter has the signature of double pulses due to the �+ and the seondary �+.A �2 �t is performed on the TD output twie, with a single-pulse assumptionand a double-pulse assumption, and sometimes three times, with a triple-pulseassumption, by varying the leading edges, heights and pedestals of templatepulses that have been prepared for the individual ounters and alibrated with�satter monitor trigger data. A triple-pulse �tting is performed when morethan two pulses are found, or the �tted seond pulse does not look to be dueto a �+ but an aidental, based on the double-pulse �t output. In this ase,one of the three pulses is assigned to an aidental. The algorithm returnsthe �t qualities for both the single- and double-pulse assumptions (and triple-pulse assumption if the �t is performed) and the time and energy information61



of the pulses obtained by the �t. The TD pulse shapes in the examples of thedouble-pulse and triple-pulse �ts are shown in Fig. 4.2 and 4.3. More detailsan be found in [38℄.After the pulse �tting is made, a seond iteration of the trak reonstrutionis performed. The momentum in the UTC is alulated from the radius of theirle in the x-y �t and the polar angle in the r-z �t. The total momentum ofthe harged trak ptot is obtained by orreting the momentum in the UTC bythe target range, the I-Counter range and the amount of dead material in theinner wall of the UTC and the drift gas. After the UTC trak determinationis �nished, a seond iteration of the target reonstrution is made. In thisiteration, a double-pulse �t is performed on the CCD pulses of the kaon deayvertex �ber, in order to identify the K+ ! �+ deay pattern. The energyloss of the pion in the kaon deay vertex �ber, obtained from the seond pulsefound by the �t, is subtrated from the target kaon energy and is added tothe target pion energy. Two examples of suh a �t are shown in Fig. 4.4and Fig. 4.4. In the seond example, the energy of the seond pulse is higherthan expeted from just a deay pion heading diretly towards the detetoraeptane. This ase is disussed in the next setion.The energy deposit of the harged trak in the Range Stak is alulatednext. The energy deposit in eah trak ounter is primarily obtained fromthe ADC energy, whih is the area of a pulse within an ADC gate of 100 ns.If an aidental hit deposits energy in one of the trak ounters within theADC gate, the trak energy ould be overestimated, whih would result in lossof signal aeptane. To avoid this, the energy obtained from the TD pulseheight information is used instead of the ADC energy, if the ADC energy is62
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Figure 4.2: Double-pulse �t to the TD pulse shape in the stopping ounter forthe upstream (top) and downstream (bottom) end.
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muh greater than the the one expeted from the TD pulse height, beause thepulse height of the trak hit is less disturbed by the existene of an aidentalpulse. The total energy deposit of the trak in the RS is obtained by summingup the energies in the trak ounters, and subtrating the muon energy in thestopping ounter measured by the TD pulse �tting. This visible energy in eahtrak ounter is orreted to the true energy deposit by Birk's formula [37℄,dLdx = dE=dx1 + kB � dE=dx; (4.1)where L is the luminesene in a plasti sintillator and kB = 0:01 is alledBirk's onstant.The range of the harged trak in the RS is derived from a �tted trak,alulated separately in the x-y and r-z planes. A �t is performed only in thex-y plane, by propagating a trak in the RS that loses kineti energy withthe Bethe-Bloh formula with the pion assumption, and is being bent in a 1Tesla magneti �eld. The inident momentum and angle (in the x-y plane)at the entrane of the RS are the �t parameters, and the trak is required tomath the measured positions of the setor rossings and RSSC hits and themeasured energy in the stopping ounter. In the r-z plane, the path of thetrak is obtained by extrapolating the UTC trak to the stopping position ofthe trak. The �2s for the r-z trak are alulated from the residuals betweenthe extrapolated UTC trak and the z measurements based on the RSSCs andthe end-to-end time di�erenes in the individual ounters. The range in the RSis alulated from the path length of the �tted trak, and is then orreted tothe total range rtot by adding the target range, the range in the I-Counter, and66



the ranges in the dead materials using the extrapolated UTC trak. Finallythe total energy etot is alulated by adding the RS, target and IC energy, andompensating for energy loss in the UTC material.In the Kaon and Pion �Cerenkov Counters, oinident TDC or CCD hits arelustered from 14 PMTs in eah. The average time and the multipliity of thosehits are alulated for eah luster. In the two sets of Beam Wire Chambers,beam partile hits are reonstruted when two or three planes have oinidentTDC hits. The TDC values of the wire hits are averaged to obtain the timeof the inoming partile. In the B4 Hodosope, two perpendiular ountersin di�erent layers are lustered when they have oinident TDC or CCD hits.The time and x-y position of the luster are obtained from the energy-weightedaverage of the TDC or CCD hits. The measured energy deposits are used toseparate kaons and pions, whih leave di�erent energies in the B4 Hodosope.The times of hits in any of the above beam detetors are used to remove DoubleBeam events (see setion 4.2) by heking extra ativities at trs.In the photon detetors, the time and energy of eah module in the detetorsubsystems are alulated. The hits that are oinident with the trak timeare searhed for to veto the bakgrounds that inlude photons.4.2 Bakground overviewThe range in plasti sintillator (rtot) versus momentum (ptot) distributionof the outgoing harged partile (pion or muon) is shown in Fig. 4.6 for theevents whih passed the ���(1)or(2) trigger. The two onentrated peaks aredue to the dominant two-body deays K+ ! �+�o (K�2 peak) and K+ ! �+�67
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As an be seen in this plot, the K�2 peak and tail do not ontribute at allto the PNN2 bakground, and the three-body muon deays in the band givea small ontribution. For these modes to be onfused with signal, both themuon has to be misidenti�ed as a pion, and the extra photons have to esapethe veto.The multi-body pion deays and sattered beam partiles are the proesseswhose kinematis oinide with those of K+ ! �+�� in the PNN2 region.K�2 has 3 photons to veto on, and Ke4 has the signature of extra ativity inthe target, either in the Kaon �bers (deteted as seond pulses) or outside ofthem.Sattered beam bakgrounds are divided in 2 ategories: single-beam bak-ground (see Fig. 4.7) is due to a beam pion entering the target and satteringinto the detetor or a beam Kaon deaying in ight ausing its produts tobe in the PNN2 kinemati region due to a Lorentz boost. Although the aseof a Kaon deay-in-ight is suppressed by all the other K deay uts as well,a beam pion sattering into the detetor has no extra partiles to veto on,just like the signal. Howerver, both proesses our instantaneously after theentrane of the beam partile into the target, unlike deays at rest, where theKaon has to stop �rst and deay a while later, therefore they do not satisfy thedelayed oinidene requirement. The double-beam bakground (see Fig. 4.8)is aused by two beam partiles entering the detetor at times suÆiently dif-ferent to satisfy the delayed oinidene. The produts of the �rst Kaon anbe missed under ertain irumstanes, and a seond pion an satter intothe detetor as in the single-beam-pion ase (\K-pi" bakground) or a seondKaon an enter the target and deay in ight, as in the single-beam-kaon ase69
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(\K-K" bakground). Double-beam bakgrounds are suppressed by requiringno ativity in the beam detetors in time with the Kaon deay.Beam kaons an also interat in matter as they are being brought to restand produe a neutral kaon via the harge exhange proess (see Fig. 4.9). Ko'sare not slowed down in the target, so potential bakground arising from promptKos 's deay is removed by the delayed oinidene requirement. However, KoLsare long-lived and an deay semi-leptonially. If the KoL travels slowly in thetarget, therefore its deay point is not well separated with the entering K+luster, then the deay �+ an emulate the signal, if the lepton also happensto not be deteted.The main bakground in the PNN2 region, however, is the K�2 deay wherethe �+ satters in the target, and the main onern in this analysis will beto minimize it. This is a partiularly dangerous bakground due to the largeBR of K�2 and the way the geometry of the satter orrelates the kinematisof the �+ and the diretion of the photons produed by the �o. Fig. 4.10gives an idea of this mehanism: the outgoing �+ starts at the diretion of theinoming K, and its trak is hidden under the Kaon �bers. Due to the two-body kinematis, at least one of the two photons has a higher probability to gotowards the beam diretion, where the photon detetion power of the detetoris smaller than that at the barrel region. Then the �+ satters inelastiallyin a kaon �ber and enters the detetor with deteriorated kinemati quantitiesas ompared to the K�2 peak. Suh events are wrongly inluded in the PNN2box, and their photon veto rejetion is not the same as the K�2 deays on thepeak.
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(a multi-dimensional parameter spae, populated by the events that pass allthe uts, often referred to as the \box") where the signal to bakground ratiois expeted to be the highest. Cuts to suppress bakground are developedusing events whih lie outside the box and events in the box are not ountedor examined until the uts and the bakground estimates are �nal.To enhane the statistial power of the analysis, bakground measurementsare made via \bifurated" analysis. Eah bakground is addressed by at leasttwo unorrelated uts or group of uts, whih an be independently \inverted"to reate high statistis bakground samples from data. That is, bakgrounddata samples an be reated by seleting events whih fail a spei� ut.A pitorial representation of a bifurated analysis is shown in Fig. 4.11.If ut1 and ut2 are designed to target a spei� type of bakground andare assumed to be unorrelated, then the number of bakground events insignal region A relative to that in region B in the parameter spae of ut1 andut2 must be equal to the bakground events in region C relative to regionD. Applying ut2 to the inverted ut1 sample, one an get the number ofevents in region B, whih will be referred to as normalization. Then measuringthe rejetion of ut1 on a sample whih fail ut2 via R = (C + D)=C, thebakground level in signal region A an be alulated as:Nbg = BC=D = B=(R� 1) (4.2)Thus, in a bifurated analysis, the measurement of bakground in the signalregion is restrited to the measurement of the number of events outside thesignal region. 73



Whenever possible, the bakground sample is extrated from the real dataas opposed to modeling the bakground with Monte Carlo simulations. This isbeause the reliability of the simulation of various physial proesses involvedis limited due to unertainties in nulear and photo-nulear total and di�eren-tial ross-setions. These an lead to large unertainties when extrapolatingto sensitivities of the order of 10�10. Nevertheless, in some ases this methodis the only one available beause ertain uts suppress many di�erent bak-grounds with similar signatures. Therefore, by inverting one of them, it is notpossible to learly selet a ertain bakground and measure the rejetion ofother uts on it, and the bakground will be over- or under-estimated. More-over, sine the level of these bakgrounds is very small, the samples neededto measure the normalization or rejetion run out of statistis after applyingsome preliminary puri�ation uts. This is the ase for the Ke4, K�2 and CEXbakgrounds, whih annot be easily separated from the muh more abundantK�2 satter and double-beam events.To detet and avoid any bias in the uts, bakground measurements areperformed twie on independent data samples. The data set is partitionedinto one-third and two-third samples uniformly throughout the run, and utsare designed and the bakground level is measured using the one-third sam-ple. When the bakground estimate from the one-third sample is found to bewithin the aeptable limit, the uts are frozen and the bakground level is re-measured using the two-third sample. If the uts are unbiased, the one-thirdand the two-third samples should give the same result within statistial uner-tainty when saled appropriately to represent the entire data set. Nonetheless,the bakground is estimated using the unbiased two-third sample, is then or-74



reted for the whole data sample and is aepted as the �nal bakgroundmeasurement for the analysis.4.3.2 Validity heks: outside-the-box studyThe validity of the bifuration method relies on the assumptions that (a) thebifurated uts are unorrelated and (b) that all the bakground types areknown and the uts to suppress them are pre-identi�ed. The assumption thatthe bifurated uts are unorrelated an be tested by loosening the uts, re-alulating the bakground levels at these looser ut positions, and omparingit to the observed number of events in these \outside the box" regions. Fig. 4.12shows a shemati explanation of this method. A new signal region A' largerthan A is de�ned, and the expeted bakground in it is alulated with thesame method desribed above. Then the bakground in the unmasked part ofthis region will bebg0 = bg(A0)� bg(A) = B0C 0=D0 �BC=D (4.3)Sine the region is lose but still outside the box, it an be examined and theevents in it ounted. If the number of events observed is di�erent than thatpredited, a orrelation between uts or a new soure of bakground may bepresent, whih invalidates the bifurated bakground estimate for the box.4.3.3 Aeptane measurementThe aeptane of most of the online and o�ine uts is measured with monitordata samples of the dominant K�2 and K�2 deays and beam pions. Eah75



suh sample resembles the signal in di�erent aspets. Therefore, the photonveto, beam, target and reonstrution uts (the ones that do not depend onthe harged partile being a pion) aeptane, as well as the trigger aeptaneloss due to aidental ativity in the detetor, is alulated with K�2 deays.This sample is not expeted to have photon ativity and the harged trakrarely satters in the detetor, so it is generally better reonstruted omparedto other monitor samples. K�2 deays are also kinematially well-separatedfrom the beam pion band, making them suitable for the beam uts aeptanemeasurement.The aeptane of the reonstrution and target uts that are spei�allytargeted to pions is measured with K�2 deays. This is a well-reonstrutedpion sample (the target reonstrution of beam pions is unreliable, due to theloseness of the \Kaon" and \pion" lusters in time), like the signal, and itskinematis an be required to be the ones of the K�2 peak, in order to suppressinelasti satters.The beam pion monitors are used for the aeptane of some pion-spei�reonstrution uts, the kinemati uts and the �+ ! �+ ! e+ deay hainmuon veto uts. Due to the lak of photon ativity in this sample, the reon-strution eÆieny is more signal-like than for K�2 deays. Beam pions alsospread kinematially in the whole ���(2) region, therefore they are suitableto measure the kinemati uts aeptane.The trigger, phase spae and solid angle aeptane is measured with signalK+ ! �+�� deays generated with Monte Carlo, beause no monitor samplehas the same kinematis with the signal. The aeptane loss due to pionnulear interations and deay in ight is also measured with simulated signal76



events.The RS trigger ounters' (T �2) eÆieny due to gaps between the ountersand photostatistis has to be separately measured, using a speial monitorsample (KB) that does not require T � 2 in the trigger, and signal MonteCarlo. K�2 events are reonstruted from this sample without the T � 2, andthen the trigger bit eÆieny is measured. The result is saled for the higherenergy deposit of ���(2) pions ompared to K�2 in the T ounter, using signaland K�2 Monte Carlo.Finally the fration of Kaons stopping in the target (\Kaon stopping fra-tion" fs) has been alulated in [40℄, using K�2 monitor data and Monte Carlo.The number of K�2 deays at rest is divided by the total number of kaons thatentered the detetor times the K�2 Branhing Ratio. The aeptane of theuts needed to selet stopped Kaons is alulated with data or Monte Carlo,whihever is appropriate for every ut. The value for fs = 0:7740 � 0:0011found in the ���(1) analysis will be used in this analysis, too.After all those measurements, the Single Event Sensitivity (\S.E.S."), ameasure of the potential of E949 to �nd a K+ ! �+�� event in the ���(2)region, is given by S:E:S: = Atot � �T�2 � fs �KBlive (4.4)where Atot is the total aeptane of the online and o�ine uts, �T�2 is theT � 2 eÆieny and KBlive = 1:77� 1012 the total number of Kaon deays inthe detetor during the data taking.
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Figure 4.11: A bakground estimate resulting from a bifurated analysis. Theletters signify both the samples and the number of events in them.Top: If a ertain bakground is suppressed by ut1 and ut2, then the datasample an be represented in the parameter spae of these two uts as 4 sub-samples A, B, C and D. If these uts are unorrelated, then the number ofbakground events in region A relative to that in B is equal to that in Crelative to D.Middle: Count events that fail ut1 and pass ut2 to get the normalization B.Bottom: Selet events that fail ut2, and measure the rejetion of ut1 via R =(C +D)=C. Region A is never examined in this proedure. The bakgroundestimated to be present in region A is given by BC=D = B=(R� 1).
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Figure 4.12: Shemati representation of the outside-the-box study.
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Chapter 5
Bakground estimation
The expeted bakground level for all proesses that ontribute in the ���(2)signal region are alulated in this hapter, using the methods desribed insetion 4.3. The results are multiplied by 3, in order to sale to the totalsample (they are alulated using 1/3 of the data), and whenever there remainzero events in the bottom of the normalization or rejetion branh, one eventis used for the alulations.5.1 K+ ! �+�o Target sattersThe K�2 deay, where the �+ satters in the Target, is the dominant bak-ground for the ���(2) analysis. As it has been shown with Monte Carlosimulations [41℄, the photon distribution from the �o deay is more uniformin polar angle for events where the �+ has sattered in the target, than forunsattered ones. Therefore, the Photon Veto (PV) rejetion for TG satterevents is expeted to be di�erent than that for K�2 events in the peak. The80



�+ kinematis annot be used anymore in the bifuration study, sine the PVrejetion has to be measured inside the ���(2) kinemati box.The other set of uts used to supress this bakground are the target qualityuts (TGCUT06). These eliminate events with evidene of a sattered pion inthe target, either the satter oured outside the Kaon �bers (satters visible inxy, or \xy-satters") or inside them (events where the �+ started in the beamdiretion and then sattered into the detetor aeptane, or \z-satters").The two ategories are not mutually exlusive. By inverting some of theseuts and applying others, samples with varying mixtures of xy- and z-sattersan be reated for the rejetion branh. These samples will be ontaminatedto an extent with Ke4 and K�2 deays and Charge Exhange bakground, butthese bakgrounds are small ompared to K�2 target satters, as shown in thefollowing setions. Thirteen suh \lasses" were used, desribed in Table 5.1,and the PV rejetion was measured on them in the ���(2) kinemati box.The rejetion in the K�2 peak is also given for omparison. The PV rejetionsmeasured for di�erent lasses are onsistent with eah other within statistialunertainties.For the �nal PV rejetion, lass 12 was used, beause it had adequatestatistis and it is expeted to be the rihest in z-satters, sine the uts thatmajorly attak them are inverted: CCDPUL and EPIONK ut events withlarge pulses in the kaon �bers at trs, and B4EKZ rejets events in whih the zposition of the deay vertex found by the UTC does not agree with the kaonenergy deposit (and thus path length) in the target. Both these signaturesare harateristi of a deay pion that started in the beam diretion in thekaon �ber, and then sattered into the detetor. The seond pulse energy81
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CLASS TGCUTS PV rejetion1 All uts, KP2BOX 30536/27=1131.0�217.62 CCDPUL, EPIONK 29758/18=1653.2�389.53 CCDPUL, EPIONK, all others -4 CCDPUL, EPIONK, TGZFOOL, -EIC, OPSVETO, OTHERS5 CCDPUL, EPIONK, CHI567, 35463/20=1773.2�396.4V ERRNG6 CCDPUL, EPIONK, CHI567, -V ERRNG, all others7 CHI567, V ERRNG 40114/17=2359.7�572.28 CHI567, V ERRNG, all others -9 CCDPUL, EPIONK, CHI567, 29289/17=1722.9�417.7V ERRNG, KIC, PIGAP, TARGF,TPICS10 B4EKZ 14076/8=1759.5�621.911 B4EKZ, all others -12 CCDPUL, EPIONK, B4EKZ 31568/18=1753.8�413.313 CCDPUL, EPIONK, B4EKZ, -all othersTable 5.1: Classes of events (2-13) used to measure the PV rejetion in the���(2) kinemati box, number of events before and after the PV is applied, andthe rejetion found. The lasses that are skipped do not have enough statistisfor a meaningful measurement. The PV rejetion in the K�2 kinemati peak,after all uts in TGCUT06 were applied, is also given in CLASS 1. The samesetup uts as in the normalization branh (Table 5.2) are applied.
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CUT Events30983002BAD RUN,KERROR 30397640SKIM5,RECON 10480765PSCUT06 3226493DELCO3 3207512KCUT 476055PV CUTPNN2, PNN2BOX 49246B4EKZ(IC) 35178TGZFOOL 34672EPITG 19694EPIMAXK 19694TARGF 16996DTGTTP 16991RTDIF 16838DRP 16610TGKTIM 16327EIC 15867TIC 15867TGEDGE 15514TGDEDX 12319TGENR 11780PIGAP 11567TGB4 10471KIC 10467PHIVTX 8326OPSVETO 7380TGLIKE 6979TIMKF 5643NPITG 5643ALLKFIT 5243TPICS 5237EPIONK 5018CHI567 3317VERRNG 2836CHI5MAX 2787ANGLI 2779CCDBADFIT 2239CCDPUL 280Table 5.2: The normalization branh for the K�2 target satter bakground.84
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Using the numbers from tables 5.2 and 5.1, the K�2 target satter bak-ground is
NK�2�TGsat = 3� NRPV lass12�1 = 3� 280(1753:8�413:3)�1 =0:479� 0:116(stat:)+0:029�0:123(sys:) (5.1)5.2 K+ ! �+�o Range Stak sattersPions from the K�2 deay an also undergo inelasti sattering in the RangeStak and fall into the ���(2) kinemati box by losing energy in the satteringproess. However, for these events to be a bakground for this analysis, thepion momentum also has to be mis-measured and the photons from the �odeay have to be missed. Therefore, this bakground is expeted to be smallerompared to the K�2 target sattered bakground.It should be noted that these bakground events are already inluded in thenormalization branh in Table 5.21, but they are not inluded in the PhotonVeto rejetion study in Table 5.1 beause the target uts were reversed tomeasure this Photon Veto rejetion. The K�2 events whih sattered in theRS should be assigned the same Photon Veto rejetion as the K�2 peak events,sine the pion did not satter in the target.The most e�etive uts against this bakground are the Range Stak trakquality uts RSDEDX and PRRF (olletively referred to as RSCT), the BOX1Correting the normalization of K�2 TG satters for K�2 RS satters does not make asigni�ant di�erene in the bakground, given the statistial unertainty.86



CUT Rejetion NormalizationPBOX from KP2BOX RSDEDX or PRRFKP2BOX PNN2 RE BOX KP2BOX PNN2BOXSETUP 52840 678 15496 2896LAYER14 52754 678 15456 2896FIDUCIAL 48275 609 13843 2798UTCQUAL 42845 516 11894 2191RNGMOM 42160 516 11624 111RSDEDX 36737 104 NA NAPRRF 30536 73 NA NAPVCUTPNN2 27 0 9 1Table 5.3: Bakground study for K�2RS satters. PBOX is the momentumut and RE BOX the range and energy ut. \NA" means that the ut isnot applied, beause the RSCT uts have been reversed in the normalizationbranh.ut on ptot and the Photon Veto ut. Table 5.3 summarizes this bakgroundstudy. The SETUP uts are the same as the K�2 target satter normalizationbranh. The seond and the third olumns of the table ontain events in theK�2 momentum peak. Events with the momentum of the K�2 peak events,but lowered in range and energy are assumed to have sattered in the RangeStak.The eÆieny �RSCT and the rejetion RRRSCT of these uts an be mea-sured as �RSCT = 30536=42160 = 0:724� 0:002RRSCT = 516=73 = 7:068� 0:766 (5.2)The fourth and �fth olumn of Table 5.3 are for normalization. The RSCTut is reversed and all other uts are applied. The various ontributions to the87



total 111 events left in the PNN2BOX before the appliation of the PV haveto be onsidered in order to alulate the bakground of interest. The largestomponent of this sample omes from sattering in the target that ontami-nated the RSCT reversed sample beause of the ineÆieny of the RSCT uts.On the other hand, the total 280 events in the K�2 target satter normaliza-tion branh (Table 5.2) have a target sattered (Ntg) and a RS sattered (Nrs)omponent. Therefore Ntg +Nrs = 280(1� �RSCT )�Ntg + (RRSCT � 1)�Nrs = 111 (5.3)Solving this system of equations, the real K�2 RS satter normalization isobtained, Nrs = 5:822 � 0:776. The �nal bakground from the RS satteredevents an be measured by applying the K�2 peak Photon Veto rejetion toNrs from the seond olumn of Table 5.3, RPV�K�2peak = 30536=27 = 1131:0�217:6:NK�2�RSsat = 3� NrsRPV�K�2peak � 1 = 3� 5:822� 0:776(1131:0� 217:6)� 1 = 0:015�0:004(5.4)5.3 Beam bakground5.3.1 Single beamThe two uts that suppress this bakground are DELCO3 and B4DEDX. In therejetion branh, after some basi setup uts, B4DEDX is inverted, requiring88
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Norm_1bm = 0 (b) NormalizationFigure 5.4: Single beam bifurations: (a) rejetion branh, with the values ofthe DELCO3 rejetion obtained for the 3 sub-branhes, and (b) normalizationbranh. Numbers under the boxes are the number of events remaining afterthe uts were applied. TD is the TDCUT02 ut, and KIN the KCUT ut.
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N1bm = 3� APVpnn2APVbeam � Norm1bmRDELCO�1N1bm = 3� 0:580:85 � 1:0�1:0(4532:0�4531:5)�1 = (0:45� 0:64) � 10�3 (5.5)where APVpnn2APVbeam = 0:580:85 is the ratio of the aeptane of the nominal PNN2photon veto ut and the looser PV ut used to produe the beam study num-bers (see B). For a onservative estimate of the bakground, the smallest valueof RDELCO from the 3 rejetion sub-branhes is used.5.3.2 Double beamIn order to alulate this bakground, it is assumed that the �Cerenkov ounterand the Beam Wire Chambers are unorrelated with the B4 and the Target,sine the Degraders, where the beam partiles undergo multiple sattering,are loated between them. Therefore, for the rejetion branh, 2-beam eventsare tagged by requiring a hit in the B4 at RS time, and the rejetion of theBWCs and the K- or �-�Cerenkov (Ck and Cpi respetively) is measured onthis sample. In the normalization branh, either the BWCs, or Ck or Cpi arerequired to have a hit at RS time and all other uts are applied. A shematiof the 2-beam bifuration study is shown in Fig. 5.5.In addition to the B4-tag, KPIGAP is also applied in the rejetion branh,whih requires the Kaon and pion luster in the Target to be disonneted inxy. This is done to remove K-deay ontamination from the 2-beam sample:either a photon from K�2 or a harged partile from a multibody deay, bothrelevant in the PNN2 kinemati region, an give a signal in the B4 at RS time,91
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faking a seond beam partile in the B4. Suh events are not expeted to haveany BWC or �Cerenkov rejetion, and should be removed, in order to measurethe BWC and �Cerenkov rejetion orretly. On the other hand, the rejetionof the beam ounters does not depend signi�antly on the proximity of the 2beam partiles, therefore suh a subset of events with spatially disonnetedbeam partiles, an be used to measure the rejetion.Both the rejetion and normalization branhes bifurate into K-K and K-�sub-branhes, requiring a Cpi or Ck veto respetively, before either invertingCk or Cpi (in the normalization branh), or measuring the Ck or Cp reje-tion (in the rejetion branh). The normalization branh bifurates further atthe bottom, in order to handle the small statistis, therefore the K-K (K-�)normalization numbers are given byNormKK(K�) = nKK(K�)rKK(K�) (5.6)where nKK(K�) is the number of events remaining in the B4TRS*B4CCDsub-branh, and rKK(K�) the rejetion of TG*TGKIN*TGPV.K-K bakgroundUsing the method desribed above, and the results from Fig. 5.5, the K-K2-beam bakground isNKK = 3� APVpnn2APVbeam � NormKKRKK � 1 (5.7)and, using Eq. (5.6),
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NKK = 3� 0:580:85 � 1:0�1:03:0�2:4(63:7� 11:9)� 1 = 0:0107� 0:0141 (5.8)K-� bakgroundA ompliation arises when the K-� double beam bakground is to be alu-lated, due to the addition of the Cpi veto to the online trigger in the middleof the run (see setion 3.4). The o�ine Cpi rejetion is very low for the latepart of the run, and the normalization branh runs out of statistis, produingan unnaturally high bakground estimate with large unertainty. Thereforeit is impossible to just add the K-� bakground for the early and late partof the run. Instead, the bakground alulated for the set of runs before thetrigger hange was saled by the ratio of KBlive of the two parts of the runfKBlive = 0:6060:394 = 1:54. This approah is justi�ed by the fat that the K-�bakground measured for the early and late part of the run for ���(1) triggersagree with eah other. The K-K bakground alulated for the early and lateruns for ���(2) is also onsistent [42℄. Everything indiates that there wasno inrease in beam bakground after the trigger hange ourred, thereforesaling by fKBlive is valid. The K-� bakground is thus
NK� = 3� APVpnn2APVbeam � (1 + fKBlive)� NormK�RK��1NK� = 3� 0:580:85 � (1 + 1:54)� 1:0�1:010:0�9:5(339:0�138:2)�1 = (1:54� 2:24) � 10�3 (5.9)
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5.3.3 Total beam bakgroundSummarizing the previous results, the total beam bakground expeted in thesignal region for the 3/3 sample isNbeam = N1bm +NKK +NK� = (12:7� 14:3) � 10�3 (5.10)This expeted bakground is an improvement of about a fator of 10 om-pared to the E787 result [39℄, and is onsistent with the ���(1) bakground,given the di�erene in phase spae of the two kinemati regions.5.4 Muon bakgroundsThe muon bakground is expeted to ome mainly from K+ ! �+� andK+ ! �o�+� deays in the ���(2) kinemati region. However, this bak-ground is expeted to be small, beause for these proesses to be onfusedwith signal, both the muon has to be misidenti�ed as a pion and the pho-ton(s) have to be missed. The uts used to suppress the muon bakgroundare the �+ ! �+ ! e+ deay sequene uts (TDCUT02) and the pion-muonkinemati separation ut RNGMOM.After some setup uts that remove K�2 deays and beam bakgrounds, inthe normalization branh (Table 5.4) TDCUT02 is inverted. When the re-maining uts are applied (KCUTS and PVPNN2), no events remain in thenormalization branh, therefore N=1 will be used for the bakground esti-mation. In the rejetion branh (Table 5.5), RNGMOM is inverted and therejetion of the TDCUT02 is measured on this sample. Using these values,95



CUT eventsPNN2BOX 4649482PSCUT06 550771TGCUT06 15622TDCUT02 2941KCUTS 0PVCUTPNN2 0Table 5.4: Normalization branh for the muon bakgrounds.CUT eventsPSCUT06 5971094TGCUT06 652242RNGMOM 485160other KCUTS 24294PVCUTPNN2 3368EV5 1707ELVETO 988TDFOOL 986TDVARNN 8Total RTD = 3368=8 = 421:0� 148:7Table 5.5: Rejetion branh for the muon bakgrounds.the muon bakground is
N� = 3� NRTD � 1 = 3� 1� 1(421:0� 148:7)� 1 = 0:0071� 0:0076 (5.11)

5.5 K+ ! �+��e+� bakgroundThe Ke4 deay with a BR of (4:08� 0:09)� 10�5 and with the �+ maximummomentum at 203 MeV/ ould be a serious bakground in the PNN2 region96
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Figure 5.6: Total kineti energy (T2) of the �� and the e+ versus the momen-tum of the �+ (Ptot) for K+ ! �+��e+� Monte Carlo events that pass the���(2) trigger.beause this deay ontains no photon in the �nal state to veto on and the�� and the e+ ould be undetetable. Fig. 5.6 shows the total kineti energy(T2) of the �� and the e+ versus the momentum of the �+ (ptot) for MonteCarlo events that passed the ���(2) trigger. When T2 is very low, the �� andthe e+ an not y out of the target and they might esape detetion if theydeposit all their energy in some insensitive material or if their path overlapswith kaon �bers. For these low T2 events the distribution of Ptot onentratesaround 160 MeV, whih is in the range of the ���(2) signal box.
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5.5.1 Bakground estimate using dataThe two uts that are most e�etive against this bakground are TGPV*OPSVETO and CCDPUL. TGPV*OPSVETO removes events with energydeposits outside the kaon and pion �bers (lassi�ed as \photon" and \oppositeside pion" �bers respetively), and CCDPUL removes events with extra energydeposit in the Kaon �bers.Two Ke4 bakground branhes are seleted in data skim5 by TGPV �OPSV ETO or CCDPUL. The number of events remaining after every utin these branhes are listed in Table 5.6. Some uts have been loosened in thisstudy, in order to avoid revealing part of the signal box, therefore a bakgroundestimate using the results of this table will be an overestimation, provided thatthe bakground distribution does not hange drastially when these uts aretightened. For instane, the Photon Veto uts are at a loose setting (85%aeptane and 146.1�9.9 rejetion for lass 12 of Table 5.1, see plots in Ap-pendix B), the time window and energy threshold of TGPV and OPSVETOhave been loosened from their nominal values to 1.3 ns and 5 MeV and 3 nsand 2 MeV respetively, and the CCDPUL energy threshold is set to 2 MeV.The events that remain at the end of eah branh were sanned by eyeto understand their nature, and a signi�ant ontamination of K�2 satters,K+ ! �+�+�� and other deays was found, among the Ke4 ones. Therefore,the data themselves annot be used to alulate this bakground, beause alean sample ofKe4 annot be isolated. The TGPV �OPSV ETO branh fromdata will be used for normalization, and the TGPV*OPSVETO rejetion willbe alulated with Monte Carlo, in order to get a onservative bakground98



Cut TGPV �OPSV ETO CCDPULTRIGGER 30995248 30995248PNN2BOX 1201592 1201592PSCUT06 423959 423959TDCUT02 179203 179203KCUTS 112435 112432PRESEL 8593 8594RCUT 7346 5923PVICVC 3303 2901TGCUT06 95 122FINALCUT 15 42Table 5.6: TheKe4 normalization branhes of data, using TGPV �OPSV ETOand CCDPUL. PRESEL ontains DELCO6, B4TIM, TGZFOOL and all Pho-ton Veto uts exept that for IC and VC. RCUTmeans TGPV �OPSV ETO inthe TGPV �OPSV ETO branh and CCDPUL in the CCDPUL branh. FI-NALCUT means CCDPUL in the TGPV �OPSV ETO branh and TGPV �OPSV ETO in the CCDPUL branh.predition.The e�et of the tighter �nal PV ut an be aounted for, however, sinethe sample is ontaminated with K�2 TG satters. Using the PV rejetion oflass 12 for the loose and nominal PV parameters, the normalization isNormke4 = RPVke4RPVpnn2 �N = 146:11753:8 � 15 = 1:25� 0:31 (5.12)5.5.2 Bakground study with UMCIn order to understand the rejetion of TGPV�OPSVETO and CCDPUL,Monte Carlo is used to simulate the energy deposit of harged traks in thetarget. The main soure of unertainty in simulation omes from the absorp-tion of �� in the target. The �� absorption is modeled with an experimental99
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Cut Events (Aeptane)Kstops 199998880TRIGGER 10691979PNN2BOX 9928203KCUTS 7697728PRESEL 3894473PVICVC 2316910TGCUT06 63425Table 5.7: The number of events remaining after all possible PASS2 uts inK+ ! �+��e+� Monte Carlo. PRESEL ut means DELCO6, TGZFOOL,and all Photon Veto uts exept that for IC and VC.side of kaon and pion �bers Txtg, orresponding to the energy deposits availableto TGPV�OPSVETO, and the total energy deposit of pions and eletrons inkaon �bers Ehide, orresponding to the energy deposit that would be found bythe CCDPUL.Table 5.7 shows the number of events left after the appliation of all possibleuts to MC data, and Fig. 5.8 the relation between Ehide and Txtg for thesurviving events. In Table 5.8 the rejetion of TGPV�OPSVETO is alulatedas a funtion of the ut on Ehide, whih simulates the e�et of the CCDPULut. Sine the mathing of the energy between MC and Data is unertain, theut on Ehide is varied between 1.5 and 10 MeV, and the ut on Txtg between0.6 and 1.8 MeV. The rejetion of TGPV�OPSVETO does not hange muhwith the value of the threshold, but it shows a orrelation with the ut inEhide. The mean value for the rejetion RTGPV �OPSVETO = 73 is used in theevaluation of the bakground, and the variation with the Ehide ut positionfrom RminTGPV �OPSVETO = 13:6 to RmaxTGPV �OPSVETO = 132:4 is inluded in theasymmetri systemati error. 101
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Figure 5.8: Ehide versus Txtg (top) and projetions on Txtg (bottom left) andEhide (bottom right) for the K+ ! �+��e+� Monte Carlo events that surviveall analysis uts appliable in UMC.
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Txtg < 0:6 Txtg < 1:2 Txtg < 1:8Ehide < 1:5 245/12=20.4 245/18=13.6 245/18=13.6Ehide < 2:5 1104/27=40.9 1104/34=32.5 1104/36=30.7Ehide < 4:0 5609/61=92.0 5609/70=80.1 5609/78=71.9Ehide < 10:0 34943/264=132.4 34943/313=111.6 34943/354=98.7Table 5.8: Rejetion of uts on Txtg with di�erent uts on Ehide on K+ !�+��e+� Monte Carlo events.Using the results of Table 5.8 and equation 5.12, the Ke4 bakground isfound to be
Nke4 = 3� Normke4RTGPV �OPSVETO � 1 = 0:052� 0:013(stat:)+0:246�0:023(syst:) (5.13)5.6 K+ ! �+�oThe bakground due to radiative K�2 is expeted to be small, due to thesmall branhing ratio of this deay ompared to K�2 and the existene of thethird photon available to veto on. From the two proesses through whih thisdeay proeeds, diret emission with BR(DE) = (4:4� 0:7)� 10�6 and innerBremsstrahlung with BR(IB; 55MeV < T�+ < 90MeV ) = (2:75�0:15)�10�4[8℄, the latter is only of interest, due to its higher Branhing Ratio.Sine it is diÆult to separate this bakground sample from the K�2-satterbakground sample, both Monte Carlo and data were used to measure it.The method onsisted of determining the expeted number of K�2 events inthe ���(2) kinemati region as a funtion of the number of K�2 peak eventsobserved outside the searh region. In order to normalize the number of K�2103
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Requirement K�2 K�2K+ deays (NUMCK�2()) 199992 499968���(2) trigger 20455 49355o�ine uts (NK�2()) 4950 6907Table 5.9: Trigger simulation and o�ine uts e�et on K�2 and K�2 simulatedsamples.branhing ratio of eah deay, the ratio of K�2 events in the kinemati peakover the K�2 events in the ���(2) region an be determined as :
� = NK�2NK�2 � BR(K�2)BR(K�2 ) � NUMCK�2NUMCK�2= 49506907 � 0:2113�0:0014(1:11�0:06)�10�3 � 499968199992= 341� 17 (5.15)The rejetion due to the photons from the �o for both K�2 and K�2 deayan be expeted to be roughly equal. However, due the presene of the extraphoton, the total Photon Veto rejetion for the K�2 deay is expeted to behigher than for K�2. The single photon detetion ineÆieny of the detetorhas been measured as a funtion of the energy and angle of the additional pho-ton in [44℄. Using these measurements and the energy and angular distributionof the additional photon for the 6907 events whih passed all the analysis uts(Fig. 5.10), the rejetion due to the additional photon was measured to beR = 1� = 5:40 (5.16)where � is the total single photon detetion ineÆieny from the onvolu-105
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Figure 5.10: Energy vs polar angle of the non-�o photon from the K�2 MCevents that passed all the uts.tion of the distribution in Fig. 5.10 and the map in [44℄.Using the ratio of K�2 events in the kinemati peak over the K�2 events inthe PNN2BOX from the MC study, and the additional Photon Veto rejetiondue to the presene of the extra photon in the K�2 deay, the radiative K�2bakground an be measured as
NK�2 = 3� NdataK�2�R = 3� 27� 5:2(341� 17) � 5:4 = 0:044� 0:009 (5.17)where NdataK�2 is the number of events in the K�2 kinemati peak whihsurvived all the analysis uts, used to generate lass 1 of Table 5.1.
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CUT eventsSETUP 1402KPIGAP 41TGCUT06 3Table 5.10: Normalization branh for CEX from data. The uts mentioned inthe text are skipped from the SETUP and the TGCUT06.5.7 Charge Exhange (CEX) bakgroundThe Charge Exhange bakground is expeted to ome fromKoL ! �+e��e andKoL ! �+���� deays. The DELCO3 ut suppresses the ontribution fromKoS deays, but a slow KoL an travel away from the CEX position and deayto a lepton that ould be missed and a signal-like pion. Suh a topology issuppressed by the ut TARGF, whih requires that the Kaon and pion lustersare onneted.The normalization branh for this bakground omes from data, with KPI-GAP (a tighter version of TARGF , see appendix A) and all other uts ap-plied, exept for DELCO3, B4EKZ, TGPV, OPSVETO, CCDPUL, CHI567,VERRNG, CHI5MAX and ALLKFIT. These exluded uts also have reje-tion against CEX, as they would ut events with prompt Ko deay, ambigu-ous deay vertex assignment, or visible e� energy in the Target, but they areskipped in order to retain statistis. The �nal normalization number will beorreted for their rejetion (Rexl). The normalization branh is shown inTable 5.10. SETUP inludes PNN2BOX, KCUT, PSCUT06, TDCUT02 andPVCUTPNN2.Sine a pure CEX sample annot be isolated from data inverting any otheruts apart from TARGF, the e�et of this ut on the bakground and the107



N4=14336

SETUP

TARGF KPIGAP

cuts
Excluded

N_CEX

N=3

Data: normalization

SETUP

TARGF KPIGAP

cuts
Excluded

N2=46

N1=32169
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Bakground Events in the 3/3 sampleK�2TG satter 0.479�0.116(stat.)+0:029�0:123(sys.)K�2RS satter 0.015�0.004Beam 0.013�0.014Muon 0.0071�0.0076Ke4 0.052�0.013(stat.)+0:246�0:023(syst.)K�2 0.044� 0.009CEX 0.018�0.010(stat.)+0:005�0:003(syst.)TOTAL 0.630�0.119(stat.)+0:248�0:125(syst.)Table 5.11: Total bakground estimation.
NCEX = 3�N � N1N4 � 1Rexl (5.20)for the whole sample. Therefore,

NCEX = 3� (3� 1:7)� 3216914336 � 132169=46 � 0:62 = 0:018� 0:010(stat:)+0:005�0:003(5.21)where 0.62 is the aeptane of CHI567, VERRNG, CHI5MAX and AL-LKFIT, whih was taken from data (see hapter 6). The systemati erroromes from the variation of the rejetion of the exluded uts with the hosenTxtg and Ehide threshold. When they vary from Txtg < 1:; Ehide < 1:25 toTxtg < 3:; Ehide < 2:75, the rejetion hanges from 32169/38 to 32169/58.5.8 Bakground summaryThe total bakground expeted in the signal region based on the 1/3 sampleanalysis is summarized in Table 5.11109



The expeted bakground in the E787 analysis was 1.216�0.239 [39℄ foromparable KBlive, therefore the urrent result is about a fator of 2 improve-ment. Espeially the dominant K�2 target satter bakground has been dras-tially redued, thanks to the upgraded photon veto. The beam bakground isbetter understood and onsistent with the ���(1) beam bakground. Finallythe new method developed to estimate the CEX bakground is more reliablethan the one used in E787, whih depended only on Monte Carlo.5.9 Outside-the-box studyIn order to verify that the bifuration uts are unorrelated, the outside-the-box (OTB) study was performed on the major (K�2 TG satter) bakground.The Photon Veto was loosened to its loosest parameters (at 85% aeptane)and the CCDPUL and EPIONK uts to a threshold of 2 MeV pion energy,and the bakground study was repeated. The normalization, rejetion andnumber of K�2 TG satter bakground events expeted in the large signalregion for lass 2, whih has the CCDPUL and EPIONK inverted, are listedin Table 5.12. The expeted K�2 bakground in this region has to be addedto this value, beause the K�2 bakgroung level hanges as well when thePV is loosened. Substituting the number of K�2 peak events that survivethe loose PV NdataK�2 = 182 in equation 5.17, the expeted K�2 bakground inthe large box is 0.099�0.007, not saled to the 3/3 sample. Given that theK�2 bakground is inreased by only a fator of 2 in the large box, the CEXbakground, whih is less sensitive to the PV tighness sine it has no photonsin the �nal state, is expeted to ontribute even less.110



Normalization 424Events before PV 26360Events after PV 183PV rejetion 144.0�10.6Bakground 2.965�0.220Table 5.12: The quantities used in the alulation of the expeted K�2 TGsatter bakground in the large signal region, for the outside-the-box study.The bakground value has not been saled to the 3/3 sample.Therefore, the expeted bakground in the OTB region is
NOTB = N largekp2�TGsat +N largekp2g �N smallkp2�TGsat=3 +N smallkp2g =3 =2:965 + 0:099� 0:508=3� 0:044=3 = 2:880� 0:224 (5.22)When this region was examined, 3 events were found, whih is onsistentwith the expetation.
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Chapter 6
Aeptane measurement
6.1 K�2 based aeptaneThe aeptane of the reonstrution and target quality uts that do not de-pend on the harged partile being a pion, the beam uts and the PhotonVeto, as well as the trigger aeptane loss due to aidental ativity in thedetetor are measured with K�2 monitors. K�2 deays with momentum in thepeak have a lean, well-reonstruted harged trak, no photon expeted andare kinematially separated from the beam pion and deay-in-ight band(s),therefore they are ideal for measuring the aeptane loss of the uts that sup-press bakgrounds with the opposite harateristis, like sattered K�2 andbeam bakgrounds.The setup uts used to larify the samples for the di�erent measurementsare listed in Table 6.1. TRIGGER is the K�2(1) trigger bit, ICBIT is theI-Counter trigger bit and KM2PBOX selets K�2 momentum (226MeV= <ptot < 246MeV=). For the reonstrution uts aeptane measurement, no112



K�2 SETUP omponent utsSETUPRD TRIGGER, ICBIT, tIC � tCk > 5ns,B4DEDX, UTC, TARGET, UTC QUALSETUPreon TRIGGER, ICBIT, tIC � tCk > 5ns,B4DEDX, CPITRS, CPITAIL, CKTRS, CKTAIL,BWTRS, ARD uts, jtIC � tRSj < 5ns,PVCUTPNN2(noBV+BVL)SETUPbeam TRIGGER, ICBIT, ARD uts, Areon uts,KM2PBOX, COS3DSETUPtgqual SETUPbeam, Abeam utsSETUPPV SETUPtgqual, Atgqual uts, stopping layer< 19Table 6.1: Setup uts used for the K�2 based aeptane measurements. \Axxxuts" are the uts whose aeptane is measured in \xxx" ategory.PV is applied in the BV and BVL, beause muons an penetrate into thosesubsystems. By foring them not to, only events where the muon stopped inthe RS would be allowed, whih tend to have less steep traks than the signal,and thus are not reonstruted as eÆiently. Therefore the reonstrutioneÆieny measurement would be biased. For the PV aeptane measurement,on the other hand, the muons are required to stop before RS layer 19, so thatthey do not penetrate into the BV and BVL. This way, both the online layer 19veto requirement aeptane loss, and the PV aeptane loss due to aidentalativity in those subsystems is orretly inluded in the PV aeptane.The aeptanes found are shown in Table 6.2 and Table 6.3. DCBITis the delayed oinidene trigger bit, LHEX is the online RS hextant ut,HEX AFTER is the hextant afterburner bit of the L1.2 trigger, PVCUT ONLis the BV*EC*BVL online veto and LAY 20 21 is an impliit ut on unphysialstopping layer output of the online Stopping Counter Finder, inluded in L1.2.
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CUT events aeptaneSETUPRD 2683926RD TRK 2683926 1.000000TRKTIM 2683768 0.999941ARD 0.999941�0.000005SETUPreon 1540621RDUTM 1540613 0.999995TARGET 1540613 1.000000Areon 0.999995�0.000002SETUPtgqual 1936851TGCUT 1932067 0.997530B4EKZ 1757036 0.909407TGZFOOL 1735713 0.987864TARGF 1681456 0.968741DTGTTP 1681376 0.999952RTDIF 1664265 0.989823TGKTIM 1648213 0.990355EIC 1603801 0.973054TIC 1603796 0.999997PIGAP 1590248 0.991553TGB4 1515757 0.953158PHIVTX 1472010 0.971139CCDBADFIT 1119041 0.760213CCDPUL 468152 0.418351TIMKF 419835 0.896792NPITG 404708 0.963969VERRNG 377404 0.932534ANGLI 377175 0.999393ALLKFIT 369894 0.980696TPICS 369374 0.998594KIC 369277 0.999737EPIONK 369098 0.999515Atgqual 0.190567�0.000282Table 6.2: The K�2 based reonstrution aeptane.
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CUT events aeptaneSETUPbeam 3502646TIMCON 3468568 0.990271TGTCON 3431477 0.989307B4ETCON 3397608 0.990130DCBIT 2971819 0.874680DELCO2 2934548 0.987459DELCO3 2665428 0.908293DELC 2533566 0.950529PSCUT 2402330 0.948201B4DEDX 2389221 0.994543BWTRS 2192141 0.917513B4TRS 2133786 0.973380B4CCD 2104234 0.986150CPITRS 2101029 0.998477CPITAIL 2100066 0.999542CKTRS 2088481 0.994484CKTAIL 2056114 0.984502RVUPV 2020648 0.982751TGGEO 1938032 0.959114TGQUALT 1936851 0.999391Abeam 0.552968�0.000266SETUPPV 45255LHEX 42227 0.933090HEX AFTER 40647 0.962583PVCUT ONL 38579 0.949123LAY 20 21 38267 0.991913STLAY 37844 0.988946RSHEX 36499 0.964459PVCUT 35097 0.961588TGPVCUT 34794 0.991367PVCUTPNN2 24154 0.694200APV 0.533731�0.002345Table 6.3: The K�2 based beam and PV aeptane.
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The total K�2 based aeptane isAK�2 = 0:056240� 0:000262 (6.1)6.2 �sat based aeptaneThe aeptane of the non-�duial kinemati uts, the reonstrution uts thatdepend on the harged partile being a pion and the TD uts are measured withsattered beam pion monitors. These events have a well-reonstruted piontrak in the UTC and RS, whose stopping ounter spans the whole range of theRS, so they an be used to measure the aeptane of the uts that suppressbadly reonstruted and/or sattered events in those subsystems. However, theTarget reonstrution is unreliable, due to the small time di�erene betweenthe \Kaon" and \pion" lusters, therefore this sample is not suitable for theaeptane measurement of the target quality uts that depend on pion energydeposit.The setup uts used to larify the samples for the di�erent measurementsare listed in Table 6.4. The energy deposit in the B4 hodosope is required tobe onsistent with a pion (b4abm2 < 1:3MeV ) and the target and I-Counterpion time with the RS pion time for all samples. The PV is applied only inthe RS, sine this is the only PV subsystem whose reonstrution eÆieny ismeasured.The total �sat based aeptane isA�sat = 0:269213� 0:000830(stat:)� 0:009086(sys:) (6.2)116



K�2 SETUP omponent utsSETUPbad st RD TRK, TRKTIM, STLAY, UTC, RDUTM, TARGET,PDC, ICBIT, b4abm2 < 1:3MeV , jt� � tRSj < 5ns,jtIC � tRS j < 5ns, TARGF, DTGTTP, RTDIF, TGQUALT,TGZFOOL, CKTRS, CKTAIL, PVCUTPNN2(only RS),COS3D, LAYV4, PNN2BOXSETUPkin SETUPbad st, BAD STC, TDCUT02SETUPTD1 SETUPbad st, BAD STC, RNGMOM, ZFRF,ZUTOUT, LAYER14, UTC QUAL, EICSETUPTD2 SETUPTD1, RSDEDX, PRRFTable 6.4: Setup uts used for the �sat based aeptane measurements.6.2.1 Kinemati and reonstrution aeptaneIn order to aount for the poor Target reonstrution of the �sat events,whih is a funtion of the kinematis, the PNN2BOX ut was varied andthe kinemati aeptane was measured for 3 di�erent settings: the nominalPNN2BOX, whih gives the entral value, a small PNN2BOX and a largePNN2BOX, used for the systemati unertainty. The di�erene in reonstru-tion quality for �sat events and K�2 events was evaluated from the resolutionof the reonstruted � mass m� = (ptot2 � etot2)=2etot of the two samples.The distributions are shown in Fig. 6.1, and have a resolution of 13.8 and 8.4respetively. The frational unertainty in �sat Target trak reonstrution istherefore p13:82 � 8:42=140:0 ' 7:8%. Sine ptot and etot ontribute roughlyequally to the resolution, their unertainties are 7:8%=p2 = 5:5%, and rtotsales aproximatelly linearly with etot, so its unertainty is also 5.5%. Theedges of the nominal ���(2) kinemati box, then, were varied by 5.5% in orderto produe the following small and large boxes
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Smallbox :147:7MeV= < ptot < 188:1MeV=12:7m < rtot < 26:5m63:3MeV < etot < 95:0MeVLargebox :132:3MeV= < ptot < 209:9MeV=11:3m < rtot < 29:5m56:7MeV < etot < 106:0MeV
The aeptanes found are shown in Table 6.5. The LAYER14 ut hasno aeptane loss due to aidentals, beause almost no pions with theirkinematis in the ���(2) box reah RS layer 14. The �sat based kinematiaeptane is thenAkin = 0:748804� 0:001696(stat:)� 0:014055(sys:) (6.3)6.2.2 TD aeptaneThe �+ ! �+ ! e+ deay hain uts an also be measured with �sat events.Due to the �sat trigger being looser than the ���(1)or(2) one, the sample isexpeted to be ontaminated with pion deay-in-ight and absorption in the118



CUT events aeptaneSETUP smallkin 46437UTC QUAL 40314 0.868144RNGMOM 39717 0.985191RSDEDX 37241 0.937659PRRF 35490 0.952982LAYER14 35490 1.000000Asmallkin 0.764261�0.001970SETUPbad st 153952BAD STC 153712 0.998441Abad st 0.998441�0.000101SETUP nomkin 65109UTC QUAL 56727 0.871262RNGMOM 55902 0.985457RSDEDX 52021 0.930575PRRF 48830 0.938659LAYER14 48830 1.000000Anomkin 0.749973�0.001697SETUP largekin 81035UTC QUAL 70716 0.872660RNGMOM 69650 0.984926RSDEDX 64336 0.923704PRRF 59654 0.927226LAYER14 59654 1.000000Alargekin 0.736151�0.001548Table 6.5: The �sat based kinemati and reonstrution aeptane.
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Figure 6.1: The reonstruted pion mass distributions from �sat (top) andK�2 events (bottom).stopping ounter, both of whih fake a muon signal, therefore they lower theTD uts aeptane measured with �sat events. Suh e�ets an be suppressedwith the RS reonstrution uts RSDEDX and PRRF, but these uts alsosuppress aidentals, therefore they would ause a higher TD aeptane tobe measured. To assess the systemati error due to nulear interations anddeays in ight (\NIDIF"), two samples were prepared for the TD aeptanemeasurement, with (\TD2") and without (\TD1") the RS reonstrution uts.The average of the two will be used for the entral value and their di�erenefor the systemati unertainty.The aeptanes found are shown in Table 6.6. L1.1 and L1.2 are theomponents of the level 1 trigger. The �sat based TD aeptane is then
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CUT events aeptaneSETUPTD1 115777FITPI 95578 0.825535RSHEX2 93807 0.981471L1.1 76008 0.810259L1.2 63879 0.840425TDCUT 60057 0.940168EV5 49875 0.830461ELVETO 47775 0.957895TDFOOL 47630 0.996965TDVARNN 40459 0.849444ATD1 0.349456�0.001401SETUPTD2 96309FITPI 81193 0.843047RSHEX2 79778 0.982572L1.1 65336 0.818973L1.2 55857 0.854919TDCUT 52622 0.942084EV5 43775 0.831876ELVETO 41944 0.958172TDFOOL 41823 0.997115TDVARNN 35595 0.851087ATD2 0.369592�0.001555Table 6.6: The �sat based TD aeptane.
ATD = 0:359524� 0:000752(stat:)� 0:010068(sys:) (6.4)

6.3 K�2 based aeptaneThe aeptane of the target quality uts that depend on pion energy depositand reonstrution quality are measured withK�2 monitor events, in whih thedeay produt is a pion (unlike in K�2 monitors), and its trak in the target121



K�2 SETUP omponent utsSETUPUTC RD TRK, TRKTIM, STLAY, BAD STC, TARGETSETUPops TRIGGER, SETUPUTC , UTC, RDUTM, PDC,PSCUT06, KCUTS, TGCUT06 without the ones measured,TDCUT02, KP2BOXSETUPtgkin SETUPops, OPSVETO, TGPVCUTTable 6.7: Setup uts used for the K�2 based aeptane measurements.is well-reonstruted (unlike �sat monitors). The setup uts used for thismeasurement are listed in Table 6.7 and the aeptanes found in Table 6.8.The total K�2 based aeptane isAK�2 = 0:511091� 0:004118 (6.5)
6.4 UMC based aeptaneThe aeptane of the online trigger and the phase spae and solid angle utsand the aeptane loss due to pion deay-in-ight and pion nulear inter-ations (\NIDIF") are alulated with K+ ! �+�� Monte Carlo simulatedevents. About 105 signal events were generated with NIDIF on and another105 with NIDIF o�. The trigger Atr and the phase spae Aps aeptaneare measured with the NIDIF-o� sample, and then are orreted for NIDIFby omparing with the NIDIF-on sample (ANIDIF ). The results are shownin Table 6.9, where UFATE, USTMED and USTOP HEX are uts based onUMC truth variables. UFATE requires that the pion stopped without de-aying or interating, this is why it has no aeptane loss for the NIDIF-o�ase. USTMED requires that the pion stopped in the RS sintillator, and122



CUT events aeptaneSETUPUTC 1496580UTC 1412010 0.943491AUTC 0.943491�0.000189SETUPops 13139OPSVETO 12817 0.975493Aops 0.975493�0.001349SETUPtgkin 12719TGDEDX 11727 0.922006TGLIKE 11333 0.966732EPITG 10492 0.925792EPIMAXK 10492 1.000000TGEDGE 10441 0.995139DRP 10414 0.997414CHI567 7202 0.691569CHI5MAX 7063 0.980700Atgkin 0.555311�0.004406Table 6.8: The K�2 based aeptane.USTOP HEX that the o�ine reonstruted stopping ounter agrees with thereal one. Note that LAYER14 has some phase spae aeptane loss, due tothe small but non-zero number of ���(2) events that reah layer 14 of the RS.The SETUP ut is ptot < 300MeV=.Using the numbers in Table 6.9,Atr = 0:3291� 0:0015(stat:)� 0:0165(sys:)Aps = 0:4054� 0:0027(stat:)ANIDIF = Atr(NIDIFon)Atr(NIDIFoff) � Aps(NIDIFon)Aps(NIDIFoff) =0:7297� 0:0092(stat:)� 0:0516(sys:) (6.6)The systemati error of 5% omes from the small disrepanies between the123



Cut NIDIF ON NIDIF OFF99999 100000T�2 39227 410363t � 4t � 5t � 6t 27575 33742���(1)or(2) 26288 32914Atr 0.2629�0.0014 0.3291�0.0015SETUP 25793 32887UFATE 22688 32887USTMED 22517 32620USTOP HEX 21743 32500COS3D 20870 31294LAYER14 20838 31282ZFRF 20175 30083ZUTOUT 20148 30063PNN2BOX 9552 13334Aps 0.3703�0.0030 0.4054�0.0027Table 6.9: Summary of the aeptanes obtained from the Monte Carlo events.The errors are statistial.kinemati quantities of MC and real events. Sine the phase spae aeptaneexlusively depends on the momentum, range and energy, these kinematiquantities of the Monte Carlo events are adjusted by omparing with those ofthe real data. The omparison for K�2 events is shown in Table 6.10. Thevalues agree in general, and any di�erenes are aounted for in the systematierror.Therefore,
AUMC = Atr � Aps � ANIDIF = 0:0974� 0:0021(stat:)� 0:0097(sys:) (6.7)
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Quantity Monte Carlo Real DataMomentum (MeV/) 205.1 204.94�0.02�0.02Range (m) 30.4 30.254�0.004�0.010Energy (MeV) 108.5 108.77�0.01�0.01Momentum Resolution (MeV/) 2.34 2.29�0.01+0:0�0:04Range Resolution (m) 1.02 0.901�0.005�0.002Energy Resolution (MeV) 3.02 3.03�0.02�0.02Table 6.10: Comparison of the K�2 kinemati quantities between Monte Carloand real data.6.5 T � 2 eÆienyThe T�2 eÆieny alulated in this setion aounts for the aeptane lossdue to the geometrial and ounter ineÆienies of the T-Counters, whihannot be measured with MC. The geometrial ineÆieny is due to the trakpassing through an azimuthal gap between two adjaent T-Counters. Theounter ineÆieny ours if the sintillation light indued by the hargedtrak is not deteted by the PMTs. Therefore, the eÆieny is
�T�2 = 1� �(geometrial)� �(ounter)= 1� �(geometrial)� e�kE; (6.8)where �(geometrial) = 0:02855 and �(ounter) represent the geometrialand ounter ineÆienies respetively, k is the number of photoeletrons perMeV, and E is the mean energy deposit in the T-Counters. The value for�(geometrial) was alulated in [38℄, where k was also found to be 1.741p.e./MeV for all setors apart from two setors that had hardware problems,for whih k was 1.616 p.e./MeV. These values, that were alulated with K�2125



events, will be used for the evaluation of AT�2 in the ���(2) region, beauseK�2 pions are more similar to the ���(2) signal than K�2 muons.Using the mean energy deposit in the T-ounters as a funtion of mo-mentum Edep(p�), and the momentum distribution f(p�) for Monte Carlosimulated ��� events in the ���(2) kinemati box, the ineÆieny due tophotostatistis is�(ounter) = R dp�f(p�)e�kEdep(p�)R dp�f(p�) = 0:02095 (6.9)whih is a weighted average of the values in the good and bad setors.Then the T�2 eÆieny for ���(2) is alulated with Eq. (6.8):�T�2 = 0:9505� 0:0012(stat:)� 0:0143(sys:) (6.10)where the 1.5% systemati unertainty aounts for onstraining the hargedtrak in the middle of the T ounters in z for the study done in [38℄. In orderto ensure that the trak passed through the T-Counters, the harged trakextrapolated by the UTC was required to have z position within �20 m fromthe middle of the T-Counters (Z Fiduial Cut). This �duial requirement in-reases the T�2 eÆieny beause events with the trak pointing at the z edgeof the T-Counters are removed.
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AK�2 0.056240�0.000262A�sat 0.269213�0.000830(stat.)�0.009086(sys.)AK�2 0.511091�0.004118AUMC 0.0974�0.0021(stat.)�0.0097(sys.)Atot (7.537�0.179)�10�4�T�2 0.9505�0.0012(stat.)�0.0143(sys.)fs 0.7740�0.0011KBlive 1.77�1012(S:E:S:)�1 1.019�10�9Table 6.11: The ���(2) aeptane fators and Single Event Sensitivity.6.6 Aeptane summary and Single Event Sen-sitivity (S.E.S.)The total aeptane for the ���(2) study and the rest of the fators used toalulate the Single Event Sensitivity from equation 4.4:S:E:S: = Atot � �T�2 � fs �KBliveare summarized in Table 6.11. Atot is the total aeptane of the online ando�ine uts, �T�2 is the T � 2 eÆieny, fs is the fration of Kaons stopping inthe target and KBlive the total number of Kaon deays in the detetor duringthe data taking.In the absene of bakground, the S.E.S. is the lowest branhing ratio thatould be measured by this analysis, whih is at the same level with the one inE787's ���(2) analysis ((S:E:S:E787)�1 = 0:687� 10�9, ombined for the 1996and 1997 data sets).
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Chapter 7
Conlusion
The study of the 1/3 sample has been ompleted. The Photon Veto and Targetreonstrution quality uts have been tightened and optimized, in order tosuppress the majorK�2 Target satter bakground, whih has been redued bya fator of 2. As a result, the total expeted bakground level has been shownto be 0.630�0.119 events, about a fator of 2 less than the E787 expetationof 1.216�0.239 events [39℄. Therefore, the upgrade of the Photon Veto systemof the E787 detetor has lived up to expetation.The other bakgrounds are also at an aeptable level and better under-stood than before, espeially the beam bakground, whih now agrees with the���(1) beam bakground taking into aount the larger ���(2) phase spae,and the Charge Exhange bakground, whih is measured with a new methodthat uses also data, in addition to Monte Carlo.The �nal aeptane of (7.537�0.179)�10�4 has also been proven to bereasonable, despite the large aeptane loss of some Target quality uts andthe tightened TD uts, due to the expansion of the kinemati box and the op-128



timization of the Photon Veto, among other reasons. Although the beam haddouble the intensity ompared to the E787 running onditions, the aeptaneloss due to aidentals did not have a atastrophi e�et on the aeptane,whih is at the same level of the E787 one ((13.230�0.135)�10�4.The signal to bakground ratio for the ���(2) analysis has been improvedto about 1/5, whereas in E787 was about 1/10. A sample with this purityould make a 10% e�et on the ��� Branhing Ratio, when ombined withthe ���(1) result.
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Chapter 8
Appendix
A Analysis utsA.1 PASS1 levelThese basi uts are applied as a pre-seletion to all the analysis samples,therefore they are not mentioned in the bakground studies.� Trigger Bit (TRBIT)The event passes the online trigger bit of ���.� Data Taking Quality (BAD RUN)Events in runs during whih problems on the beam, detetor, or ele-tronis oured are removed.� Charged Trak Reonstrution (RD TRK)The trak is reonstruted in the Range Stak.
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� Trak Time Reonstrution (TRKTIM)The average time of the trak hits in the Range Stak is obtained.� Consisteny between Online and O�ine Stopping Counters (STLAY)The stopping ounter that is found by the online Stopping CounterFinder (SCF) should be the same as that found by the o�ine trak�nding routine.� Stopping Counter Performane (BAD STC)Some TD hannels had problems reording input signals in spei� pe-riods of data taking. These "bad TD hannels" were listed during thedetetor alibration. The harged trak should not stop in the ounterswhere the orresponding TDs were unable to reord signals properly.� Trak Fitting in UTC (UTC)The trak is suessfully reonstruted in the UTC.� Mathing Between UTC and RS Traks (RDUTM)The trak reonstruted in the UTC should point to the T�2 setor inthe RS.� Target Reonstrution (TARGET)The target reonstrution is suessfully done.� Momentum in UTC (PDC)The momentum measured by the UTC should be less than 280 MeV/.This requirement removes failures of UTC pattern reognition.� �+ ! �+Double-Pulse Fitting (FITPI)131



�+ ! �+double pulses were found by �tting TD pulses in the stoppingounter.� Photon Veto around the Stopping Counter (RSHEX)No extra hit is allowed in the ounter after the stopping ounter and thehextants that do not have trak hits.� Setor Crossing Cut (RSHEX2)No setor rossing is allowed in the stopping layer.A.2 PASS2 level� Crude Photon Veto Cut (PVCUT)Perform photon veto in the Barrel Veto (BV), End Cap (EC) and RangeStak (RS). Photon hits that are oinident with the harged trak timeare seleted. Events are rejeted if the energy sum of these in-time hitsin eah subsystem is above the threshold. The time windows and energythresholds are summarized in Table 8.1.Subsystem Time Window Energy ThresholdBarrel Veto �2.0 ns 1.5 MeVEnd Cap �1.5 ns 3.5 MeVRange Stak �1.5 ns 3.0 MeVTable 8.1: The time windows and energy thresholds for Barrel Veto, End Capand Range Stak.� Target Reonstrution Cut (TGCUT)This ut onsists of the following requirements:{ The Kaon deay vertex is inside the target.132



{ The time di�erene between the average time of the kaon �ber hitsin the target (target kaon time tk) and the B4 Hodosope hit timeis within 4 ns.{ The time di�erene between the average time of the pion �ber hitsin the target (target pion time tpi) and the I-Counter hit time iswithin 5 ns.{ The energy deposit in the I-Counter should be onsistent with thatof pions.� Aidentals at Muon Time (TDCUT)Searh for aidental ativity in the RS that is oinident with the seondpulse time (muon time) in the stopping ounter. Events are rejeted ifthe energy sum of the oinident hits exeeds a threshold.� Beam dE/dx & Double Beam Cut (PSCUT)Require that the energy deposit in the B4 Hodosope is greater than aspei� value and no extra beam partile oinident with the trak timeis reorded.� Target Photon Veto Cut (TGPVCUT)Require no extra ativity other than kaon and pion hits in the target.This ut rejets events with photon ativity in the target and events withan extra beam partile in the target.� Delayed Coinidene Cut (DELCO2)Require that kaons should deay at least 2 ns after entering the target.
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Using these uts, 6 data \SKIMS" (3 for the 1/3 and 3 for the 2/3 sample)are prepared, in order to minimize proessing time. Eah SKIM is rih in adi�erent bakground.� SKIM1 (5 for the 1/3), for K�2: TGCUT, PSCUT, TDCUT, TGPV-CUT.� SKIM2 (6 for the 1/3), forK�2: TGCUT, PSCUT, PVCUT, TGPVCUT,DELCO2.� SKIM3 (7 for the 1/3), for beam satters: TGCUT, TDCUT, PVCUT.A.3 Kinemati Cuts (KCUT)Fiduial Cuts� Stopping Layer Requirement (LAYV4)Require that the �+ stopping layer is between 5 and 18, whih ensuresthe �+ stops in the Range Stak as requested in the trigger.� Layer 14 Cut (LAYER14)No harged trak is allowed to ome to rest in the RSSC seond layerembedded between RS layers 14 and 15. Events are rejeted if the stop-ping layer is 14 and a prompt RSSC hit is found in the same setor orone setor lokwise of the stopping ounter.� Polar Angle Cut (COS3D)Require that the osine of the polar angle of a harged trak (os �) iswithin �0.5 (j os �j � 0:5). 134



� Stopping Z Position Cut (ZFRF)Require that the �+ stopping z position in the Range Stak (Z�stop) iswithin the �duial volume. The ut position depends on the stoppinglayer of the event.Stopping Layer Cut Condition11,12 �35 � Z�stop � 35m13 �40 � Z�stop � 40m14 �30 � Z�stop � 30m15,16,17,18 �50 � Z�stop � 50mTable 8.2: Cut onditions of �+ stopping z position for various stopping layers.
� Fiduial Cut in UTC (ZUTOUT)The harged trak should pass through the UTC �duial volume. Thez position at the UTC outer layer should be within the ative region(jzj � 25m).Trak Reonstrution Cuts� Trak Reonstrution in the UTC (UTCQUAL)Rejet events with poor UTC �ts in either x-y or z. Events with over-lapping traks are also rejeted.� RS Trak Reonstrution and Mathing with the UTC Trak (PRRF)This ut rejets events with the harged trak sattering in the RangeStak. It onsists of the following riteria:{ �2 Probability Cut for RS Trak Reonstrution (PRRF1)Rejet events if the quality of the Range Stak trak �tting in the135



x-y plane is poor. The RS trak �tting is performed using setorrossing positions, RSSC hit positions, and the energy deposit inthe �+ stopping ounter.{ Trak Mathing in RSSC Z Measurements (PRRFZ1)Rejet events if the trak reahes the RSSCs and the mathing inthe r-z plane between the UTC extrapolation and the RSSC hitpositions is poor.{ Trak Mathing in RS Z Measurements (PRRFZ2)Rejet events if the mathing in the r-z plane between the UTCextrapolation and the trak hit positions derived from end-to-endtiming in the RS ounters is poor.dE/dx Cut in the Range Stak (RSDEDX)� Maximum Energy Deviation in RS (CHIMAX)Deviations of energy deposits in the individual trak ounters are exam-ined. �i � logEiexp � logEimeas�i (A.1)where Eimeas is the measured energy deposit in the ith trak ounter andEiexp is the energy in the ith trak ounter expeted from the measuredrange. Rejet events with the absolute value of the largest �i greaterthan or equal to 4.� Con�dene Level in RS Energy Measurements (CLRSDEDX)The on�dene level is alulated from the energy deviations in the in-dividual trak ounters. The ut position is at 0.04.136



� Likelihood Cut for RS Energy Measurements (RSLIKE)A likelihood is onstruted from the energy deposits in the trak oun-ters. The likelihood value is required to be between 0 and 10.�=� Separation in Range Stak� Range-Momentum Consisteny (RNGMOM)The deviation of range in the Range Stak (�R�P ) is required to be�R�P � Rmeas �Rexp�R � 2:2where Rexp is the range expeted from momentum with the assumptionthat the harged trak is a pion. This ut rejets the muon band.Phase Spae Cuts� Expanded (nominal) PNN2 Box (PNN2BOX)The upper p, E and R limits are expanded from the E787 values, us-ing the deviations from the K�2 peak (Ppeak = 205:1MeV=, Epeak =108:6MeV , Rpeak = 30:4m). The lower bounds are kept the same as inE787:Pdev � Ppeak � ptot�P � 2:5 =) 140MeV= � ptot � 199MeV=Edev � Epeak � etot�E � 2:5 =) 60MeV � etot � 100:5MeVRdev � Rpeak � rtot�R � 2:75 =) 12m � rtot � 28m
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where �P , �E and �R are the resolutions of the K�2 peak momentum,energy and range respetively .A.4 Beam Cuts (PSCUT06)Single-Beam Cuts� dE/dx in B4 Hodosope (B4DEDX)Kaon identi�ation is performed by examining the dE/dx in the B4 Ho-dosope, whih is required to be greater than or equal to 1.85 MeV.� Kaon Stop Requirement: Delayed Coinidene Cut (DELC)The target pion time, t�, is required to be at least 2 ns later than thetarget kaon time, tK (t� � tK � 2ns). The ut position is tightened ifeither target kaon or pion times have a large unertainty{ t� � tK � 5ns if the disrepany between the target kaon time andB4 hit time is greater than 1 ns.{ t� � tK � 6ns if the disrepany between the target pion time andtrak time is greater than 1.5 ns.{ t� � tK � 5ns if t� is obtained from the time of the I-Counter hit,not from the target pion �ber hits.{ t� � tK � 4ns if the energy deposit of a kaon in the target is lessthan or equal to 50 MeV.{ t� � tK � 3ns if there are less than 4 target pion �bers found.{ t� � tK � 3ns if the beam likelihood value is less than 200 (to beexplained in the Pathology Cuts setion).138



{ t�� tK � 4ns if the disrepany between any of the individual kaon�ber times and the average kaon time is greater than 2 ns.{ t�� tK � 4ns if the disrepany between any of the individual pion�ber times and the average pion time is greater than 3.5 ns.� Additional Kaon Stop Requirement: Delayed Coinidene Cut (DELCO3)Require that kaons should deay at least 3 ns after entering the target.Double-Beam Cuts� Double-Pulse Fitting in B4 Hodosope (B4CCD)Pulses reorded in the B4 CCD are �tted with a double-pulse assump-tion. Rejet events if hit modules have a signature of double pulses, andthe average time of the �tted seond pulses is within �3.5 ns of the traktime. The signature of double pulses is a ratio of the single-pulse �t �2to the double-pulse �t �2 that is greater than a ertain value, and theenergy of the �tted seond pulse exeeds a threshold.� Timing in B4 Hodosope (B4TRS)Events are rejeted if the average TDC time of hit modules in the B4Hodosope is within �2.5 ns of the trak time, or the average CCD timeof hit modules is within �1.5 ns of the trak time when the energy sumis above a threshold.� Timing in BWPCs (BWTRS)Events are rejeted if the time of a hit luster in any BeamWire Chamberis within �4.5 ns of the trak time.139



� Timing in Kaon �Cerenkov Counter (CKTRS)Events are rejeted if the average TDC or CCD time of hits in the Kaon�CerenkovCounter is within �2 ns of the trak time.� Extra Timing Cut in Kaon �Cerenkov Counter (CKTAIL)The average time of hits in the Kaon �Cerenkov Counter, obtained fromthe trailing edge of the pulses (minus the TDC width), should not be o-inident with the trak time. The time windows for this ut is dependenton the value of t� � tK.{ t� � tK < 15ns: events are rejeted if there are any hits within �3ns of the trak time.{ 15 � t�� tK < 25ns: events are rejeted if there are any hits within�3.5 ns of the trak time.{ t� � tK � 25ns: events are rejeted if there are any hits within �2ns of the trak time.� Timing in Pion �Cerenkov Counter (CPITRS)Events are rejeted if the average TDC or CCD time of hits in the Pion�Cerenkov Counter is within �2 ns of the trak time.� Extra Timing Cut in Pion �Cerenkov Counter (CPITAIL)The average time of hits in the Pion �Cerenkov Counter, obtained fromthe trailing edge of the pulses (minus the TDC width), should not beoinident with the trak time. The event is rejeted if there are anyhits within �2 ns of the trak time.
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� Timing in USPV and RV (RVUPV)Events are rejeted if the TDC or CCD time of hit modules in the RVlosest to the trak time is within �4.0 ns of the trak time. If the TDCtime of the hit module in the USPV losest to trs is within (-3.75,2.5)nsof trs, or the CCD time losest to trs is within (-3.5,2.4)ns of trs, theevent is also vetoed.Pathology Cuts� Consisteny Cut between B4 Hodosope Analyses (B4ETCON)Requires a onsisteny between TDC and CCD, and ADC and CCDvalues in B4 Hodosope.� Double-beam Cut in Target (TGGEO)Timing information in the I-Counter is used to rejet Double Beam bak-ground with the following signature:1. Both partiles enter the target from a target edge or an I-Counter2. the �rst partile or its deay produt deposits a large energy pulsein the I-Counter3. the �rst partile enters the target, deaying downstream or deayingvery late (i.e., the deay produt is not deteted).The seond partile is sattered upstream of the beam line and missessome beam ounters. Later, by multiple sattering, it enters the targetand intersets the hit �bers of the �rst beam partile. These signaturesfool the target reonstrution. 141



� Target Reonstrution (TGQUALT)The kaon vertex is reonstruted inside the target.� Timing Consisteny between Target and B4 Hodosope (TIMCON)Require the onsisteny between the target kaon time (tK) and the timeof hit in the B4 Hodosope (tB4), and between the target pion time (t�)and the trak time (tRS).jtK � tB4j � 3:0 ns and � 4:5 < t� � tRS < 4:0 ns (A.2)� Timing Consisteny among Target Kaon Fibers (TGTCON)Require onsisteny between the average time of the kaon �ber hits andthe times of the individual kaon �ber hits in the target.� Photon Veto in Upstream Photon Veto and Ring Veto (RVUPV)Rejet events with any ativity at trak time in the Upstream PhotonVeto or in the Ring Veto.A.5 Target Quality Cuts (TGCUT06)� Beam Likelihood Cut (B4EKZ)A likelihood is onstruted from the energy deposit in the B4 Hodosope,the energy sum of the kaon �bers and the K+ stopping z position. Thelikelihood value is required to be greater than 10. The ut is tightenedif the pion time is given by the I-Counter instead of the target. In thisase, the likelihood value is required to be greater than 20.
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� Target Fiduial Cut (TGZFOOL)Require the z position of the kaon deay vertex obtained from the UTCextrapolation to be within the target �duial volume (tgz � �5m).This ut ensures that the kaon deays in the target.� Energy Cut on Target Pion Fiber (EPITG)Require that any target pion �ber should have an energy of less than orequal to 3 MeV.� Energy Cut on Target Pion Fiber near Deay Vertex (EPIMAXK)Require that the target pion �ber losest to the deay vertex should havean energy of less than 3 MeV.� Target Gap Cut between Kaon and Pion Fibers (TARGF)Rejet events where the kaon luster does not touh any pion �ber. Themaximum distane allowed is 0.6 m.� Mathing between Target and UTC (DTGTTP)Require that the target and UTC traks are well mathed to eah otherat the target radius. This ut eliminates events in whih the UTC trakdoes not interset the target edge.� Quality on Target Path Length Calulation (RTDIF)Require a small unertainty in the alulation of the pion path length inthe target. This is equivalent to the pion path hidden under the kaon�bers, and it is required to be less than 1.5 m.� Target Kink (DRP)The maximum and minimum distane from the enter of the target pion143



�bers to the enter of the irle that is �tted to the trak path by theUTC are examined. Rejet events if the distribution of the pion �bersis broad, namely dmax � dminRtg > 0:35 (A.3)where dmax and dmin are the maximum and minimum distanes, respe-tively, and Rtg is the range of the trak in the target.� Time Consisteny with the B4 (TGKTIM)The time in eah target kaon �ber is required to be onsistent with thekaon time in the B4 ounter and the trak time in the Range Stak.� I-Counter Energy Cut (EIC)Require onsisteny between the measured (Emeas) and estimated by thepion path length (Eest) energy deposit in the I-Counter.jEmeas � Eestj � 5 MeV and (Emeas � Eest) � 1:75 MeV (A.4)� Timing Consisteny between Range Stak and I-Counter (TIC)Require timing onsisteny between the trak time (tRS) and I-Counterhit time (tIC). jtRS � tIC j � 5:0 ns� Energy in Target Edge Fibers (TGEDGE)Rejet events with more than 4 MeV energy in any of target edge �berswithin �5 ns of the trak time.� Target dE/dx Cut (TGDEDX)144



The dE=dx of pions in the PNN2BOX (140 MeV/ to 195 MeV/)hanges from 3.08 MeV/m to 2.47 MeV/m in plasti sintillator. Alikelihood funtion was reated by using the total measured momentum(ptot), target range (rtg) and the target energy (etg) of beam pion events.The target range was quanti�ed in 5 momentum bins and 15 target en-ergy bins. For eah bin, the mean target range and sigma was storedand a likelihood funtion was reated assuming a Gaussian distribution.This ut rejets events if this likelihood, tgdedx like � 0:05.� Extreme Target Pion Energies (TGENR)This ut rejets events if the total pion energy in the target is either toolarge (Etg > 28MeV ) or too small (Etg < 1MeV ).� Target Gap between Pion Fibers (PIGAP)Rejet events with a gap between target �bers lassi�ed as pion �bersgreater than 1.5 m. This ut is tightened to 1.0 m when the osine ofthe polar angle is negative and the z position of the trak in the I-Counteris less than -7 m.� Kaon Cluster and Deay Vertex Position Consisteny with the B4 andthe Pion Fibers (TGB4){ Consisteny between the B4 Hodosope and Target Hit Positions(DB4)Rejet events with a distane from the xy hit position in the B4Hodosope to the nearest target kaon �ber of more than 1.8 m.145



{ Extra Consisteny Cut between B4 Hodosope and Target Hit Po-sitions (DB4TIP)Rejet events with a distane from the xy hit position in the B4Hodosope to the nearest tip of a kaon luster of more than 1.8 m.{ Target Gap Cut among Kaon Fibers (DVXTIP)Rejet events with a distane between the kaon deay vertex andthe nearest tip of the kaon luster of more than 0.7 m.{ Target Gap between Kaon and Pion Fibers (DVXPI)Rejet events with a distane between the kaon deay vertex andthe losest pion �ber of more than 1.5 m.� Bak-to-bak Trak Cut in Target (PHIVTX)Rejet events with bak-to-bak traks in the target.� Opposite-side Pion Fibers (OPSVETO)The energy sum of the target �bers whih are on the opposite side ofthe pion �bers relative to the deay vertex and are oinident with thetarget pion time (within �4.0 ns), is required to be less than 1 MeV.The ut is tightened to 0.5 MeV when the beam likelihood value is lessthan 200.� Target Likelihood Cut (TGLIKE)Events with extra energy hidden in the pion �bers, either from photonsor pion satters, should be removed.{ A likelihood is onstruted from times and energies of the targetpion �bers and distanes between the UTC extrapolation path and146



the target pion �ber hit positions (LIKE). The likelihood should be3.2 or less.{ Another likelihood is onstruted only by the distanes betweenthe UTC extrapolated trak and the target pion �ber hit positions(LIKE2). This likelihood should be 2.3 or less.� Time, Energy and Position Cut for Kaon Fibers (TIMKF)This ut requires that the times of kaon �bers are onsistent with theenergy and position of the �ber.� Pion Fiber Number Cut (NPITG)If the number of pion �bers in the target is less than 1, then the eventis rejeted.� CCD Pulse Fits in the Kaon Fibers (ALLKFIT)This ut requires that all the kaon �bers whih have energy more than3 MeV should have a CCD pulse �t.� Pion Fiber Time Distribution Width (TPICS)This ut rejets events for whih the standard deviation of the pion timedistribution in the target is greater than 4 ns.� Pion Energy Under a Kaon Fiber Found by SWATHCCD (EPIONK)If the target reonstrution routine (\SWATHCCD") has found a pion�ber overlapping a kaon �ber, then the pion �ber is required to haveenergy less than 1.5 MeV. This ut removes an inonsisteny aused bythe use of SWATHCCD. SWATHCCD an �nd pion hits in kaon �bers fortpi-tk>15ns. The uts on pion �ber energy EPITG and EPIMAXK are147



at 3 MeV, whereas the ut on pion energy under a Kaon �ber (CCDPUL,explained later) is at 1.25 MeV. Therefore, if a �ber is lassi�ed as bothkaon and pion and is not properly �t by the CCDPUL algorithm, thenthe pion energy ut on these �bers would be 3 MeV.� Target Fitter Mathing with Individual Pion Fibers (CHI567)A �2-like quantity is formed based on{ the observed and expeted energy in all the �bers whih have a hitand are a part of the reonstruted pion trak in the target (�25){ the minimum distane between the trak and the orners of every�ber that has no energy but the trak is projeted to go through it(�26){ the distane between the trak and every �ber that has energy butthe trak is not projeted to go through it (�27)The ut CHI567 rejets events if the probability of the sum of these threequantities is less than 0.015, where the number of degrees of freedom isnfree = nfib+2, where n�b is the number of �bers used in the �t. Thedetails of these target trak �tting quantities an be found in AppendixB of [39℄.� Target Fitter Mathing with Vertex Fiber (VERRNG)This ut rejets events if the �tted trak in the target does not intersetthe vertex �ber identi�ed by SWATHCCD. If verrng is the projetedrange of the trak in the vertex �ber, then this ut removes events forwhih verrng < 0:05m. 148



� Maximum Contribution to the Target Fitter �25 (CHI5MAX)If the ontribution from any individual �ber to �25 is more than 10, thenthe event is rejeted.� SWATHCCD and UTC Trak Fitting Consisteny (ANGLI)This ut rejets events if the range of the harged trak in the targetis less than 2m and the angle between the SWATHCCD reonstrutedtrak and the UTC extrapolated trak in the target is greater than 0.01radian.� Kaon Time in I-Counter (KIC)Events are rejeted if target kaon �bers are found near the I-Counterand a hit time in the I-Counter is oinident with the target kaon time.� Kaon Fiber CCD Pulse Fitting Quality (CCDBADFIT)Cut event if both the single and double pulse probability of a �tted �berwith more than the minimum pion energy (1.5MeV) is zero.� Pion Energy from the CCD Pulse Fitting (CCDPUL)Rejet events with Kaon �bers whose seond pulse found by the CCD�tter has more than 1.25 MeV energy within [-7.5,10.0℄ns of pion time.� Inverted TARGF (KPIGAP)For the beam and CEX bakground studies, a ut is needed to tag eventswith separated Kaon and pion lusters. A simple inversion of TARGFis not enough, as it allows photon �bers between the lusters, thereforea new ut was devised, that requires TARGF and no photon �bersadjaent to the deay side of the Kaon luster.149



A.6 �+ ! �+ ! e+ Deay Sequene Cuts (TDCUT02)� Pion Time Consisteny (TDTCON)Events in whih an aidental hit plus a sequential hit of a muon trakfake the �+ ! �+double pulses in the stopping ounter should be re-moved. The �rst pulse time in the stopping ounter, obtained from theTD Double-Pulse Fitting (t�;TD), is required to be within �2.5 ns of thetrak time (tRS). jt�;TD � tRS j � 2:5 nsThis ut is alled from within FITPI in PASS2, so their aeptane ismeasured together.� �+ ! e+ Deay Requirement (EV5)A signature onsistent with the �+ ! e+ deay is required in and aroundthe stopping ounter. A luster of hits oinident with the third pulsetime of the stopping ounter is searhed for around the stopping ounter.Rejet events if the luster has hits in ounters on both sides of thestopping ounter.� Cut on Muon Time Aidental (ELVETO)Events with aidental ativities oinident with the seond pulse timein the stopping ounter should be removed. The aidental hits aresearhed for in the Range Stak, Barrel Veto, Barrel Veto Liner, andEnd Cap. Rejet events if the energy sum of the oinident hits in anysubsystem is above a threshold. The time window and energy thresholdfor eah ategory are shown in Table 8.3.150



Category t Window (ns) E Threshold (MeV)Both-end hit ategoryRange Stak (RS) �3.00 0.20RS (TD) �0.25 5.20Barrel Veto (BV) �1.25 0.20Barrel Veto Liner (BVL) �2.75 0.20Single-end hit ategoryRS single energy, both time �7.00 0.20RS both energy, single time �4.50 9.40RS single energy, single time �8.75 6.60RS no energy, both time �5.00 -RS (TD) single energy, single time �3.00 3.20BV single energy, both time �3.00 1.60BV both energy, single time �0.25 0.40BV single energy, single time �3.00 1.80BV no energy, both time �5.75 -BVL both energy, single time �0.75 0.10BVL single energy, single time �5.00 1.00BVL no energy, both time �5.50 -Other ategoryEnd Cap (EC) �0.25 22.00Table 8.3: Time window and energy threshold for eah ategory of the muontime aidental ut for the ELVETO ut.� Cut on Muon Time Aidental in the Trak Counters (TDFOOL)Events with aidental ativities overlapping the trak ounters and re-ating the seond pulse in the stopping ounter should be removed. TDpulses in the two layers prior to the stopping ounter are �tted with adouble-pulse assumption. Rejet events if the �tted pulses are onsistentwith double pulses and the �tted time of the seond pulse is oinidentwith the seond-pulse time in the stopping ounter.� Neural Net �+ ! �+ Deay Cut (TDVARNN)151



Tail utuation bakground as well as muon time bakground should beremoved. A Neural Net funtion with �ve variables is onstruted fromthe single-pulse �t �2's, the ratios of a single-pulse �t �2 to that of adouble-pulse �t, the energy and time of the �tted seond pulse, and thedi�erene of the seond pulse times between both ends. The ut positionon the NN funtion is set to 0.76.A.7 Photon Veto Cuts (PVCUTPNN2)Any ativity whose timing is oinident with the trak time is searhed for inall the subsystems, in order to remove events with photons. The time windowand energy threshold for eah ategory are shown in Table 8.4. Hits in theBV, BVL, and RS ounter outside the harged trak are further ategorizedinto subategories, depending on whether the ounter has hits in both endsor only in single end. Time windows for the "single-end hit ategories" arewidened.
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Category t window (ns) E threshold (MeV)Both-end hit ategoryBarrel Veto (BV) �7.95 0.20Barrel Veto Liner (BVL) �7.55 0.30Range Stak (RS) �4.30 0.30Single-end hit ategoryBV single energy, single time �8.50 1.60BV single energy, both time �1.50 1.40BV both energy, single time �15.95 1.00BVL both energy, single time �11.80 8.19RS single energy, single time �1.22 3.40RS single energy, both time �1.35 0.00RS no energy, both time �5.00 0.40RS both energy, single time �0.70 5.20Other ategoryEnd Cap (EC) �6.15 0.40EC inner ring (EC1) �4.64 0.20EC seond pulse (EC2) �4.07 10.60Target (TG) �2.40 2.00I-Counter (IC) �3.25 5.00V-Counter (VC) �4.15 6.80Collar (CO) �2.95 0.60Miroollar (MC) �3.90 3.00BV early loose veto (BV1) (-30.,0.) 30.Ative Degrader (AD) �5.0 0.60Table 8.4: Time window and energy threshold for eah ategory of the PhotonVeto Cuts.
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B The ���(2) Photon VetoB.1 Choosing the utsThe Photon Veto rejetion in the ���(2) region was extensively studied. Sinethe BVL TD signals were not used before, the PV subsystems' parametershad to be re-optimized, taking the extra hits added by the BVL TDs intoaount. The goal was to maximize the bakground rejetion, while retaininga reasonable signal aeptane. To searh for the best set of parameters forthe 19 main PV subsystems (all apart from the BV1 and AD), the sameoptimization proess as in the ���(1) analysis was used ( [44℄). Appropriaterejetion (K�2) and aeptane (K�2) samples were prepared. Given an initialset of parameters (time o�sets, time windows and energy thresholds for allthe subsystems), the referene rejetion and aeptane were measured. Thenthe parameters of one subsystem at a time were hanged by given step sizes,and the rejetion and aeptane were remeasured. A new set of parameterswas hosen if it improved both the rejetion and aeptane (best hoie),or either of them without dereasing the other. The proess was iterated,until no further improvement ould be found. A shemati of the optimizationproess is shown in Fig. 8.1. Due to the large size of the parameter spae(3�19 free parameters), are was taken to avoid falling in a loal minimum.Repeating this proess for 9 di�erent \goal aeptanes", the optimal set ofparameters was found for eah of these aeptanes, that produed the bestrejetion-aeptane pro�le.Two new PV ut ategories were added in the ���(2) analysis, whih werenot optimized with the previously mentioned proedure:154



Figure 8.1: Shemati of the PV optimization proess.� Additional early BV (BV1): It was observed that for a wide time range(around 30 ns) before the prompt peak in the BV at RS time, there werevery high energy hits in the K�2 sample, but not in the K�2 one. Thesewere most likely due to early aidentals, that blinded the BV TDCs,so that they ould not register the photon hits in time with the deay.Sine the ADC gates are pretty wide (�50 ns), the energy of both theaidental and the photon hit was measured, therefore these blinded BVmodules had unusually high energy. Suh events were vetoed with anadditional BV ut at 30 MeV.� Ative Degrader (AD): To use the AD as a Photon Veto detetor, arehad to be taken not to veto on beam ativity at Kaon time. The studyand optimization of this detetor is desribed in appendix C.Due to the lak of statistis in the 12 rejetion lasses of K�2 TG-sattered155



events de�ned in Table 5.1, the optimization was done in the K�2 peak. Theresult in theK�2peak, broken down to eah subsystem ontribution, is shown inFig. 8.2. Then the same PV was applied to the 12 TG-satter lasses, and thepro�les of Fig. 8.3-Fig. ?? were obtained. The values at 60% aeptane werehosen, a tighter hoie than the ut used in ���(1), based on the expetedbakground for every set of parameters.B.2 Limits of the Photon Veto rejetionThere are several fators that ause photon detetion ineÆieny: lak ofradiation length and dead material in the detetor, sampling utuations,photonulear interations and masking of photon hits due to earlier aidentals(\veto blindness").The weak photon detetion areas that existed in the barrel of the E787detetor, seem to have been drastially improved with the addition of theBVL, as shown in Fig. 8.8. Nonetheless, some polar angle dependene of thePV power of the detetor still exists due to dead material of the UTC endplate,and auses position dependent ineÆienies. The area lose to the beam is alsostill more ineÆient than the barrel region.Sampling utuations depend on the photon energy. The detetion eÆ-ieny inreases with inreased energy and larger detetor modules. However,the latter requirement ompetes with the e�et of veto blindness: the largerthe PV element, the more probability there is for aidental energy deposits,that an render the TDCs unable to register following hits. This ineÆienyhas been partly ompensated by the addition of TDs, that provide the infor-156



Figure 8.2: O�ine rejetion vs aeptane pro�le for the K�2 peak, with eahsubsystem ontribution.
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Figure 8.3: O�ine rejetion vs aeptane pro�le for the CLASS 2, with eahsubsystem ontribution.
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Figure 8.4: O�ine rejetion vs aeptane pro�le for the CLASS 5, with eahsubsystem ontribution.
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Figure 8.5: O�ine rejetion vs aeptane pro�le for the CLASS 7, with eahsubsystem ontribution.
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Figure 8.6: O�ine rejetion vs aeptane pro�le for the CLASS 9, with eahsubsystem ontribution.
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Figure 8.7: O�ine rejetion vs aeptane pro�le for CLASS 12, with eahsubsystem ontribution.
162



Thickness of PV

0

5

10

15

20

25

-1 -0.5 0 0.5 1

X0 vs costhFigure 8.8: Radiation length of the material of the E949 detetor as a funtionof polar angle. The higher urve is after the addition of the BVL, whih addsruial radiation lengths in the weak region around 45 degrees.

163



mation to distinguish between multiple hits, and the BV1 ut, that exploitsthe fat that the aidental hits will deposit their energy in the ADC gate, inaddition to the photon energy.Finally photonulear interations an ause photon hits later than the nom-inal veto time, therefore their energy deposit an go undeteted. This meha-nism annot even be reliably simulated, unlike the eletromagneti proesses,and limits the photon detetion ability of the detetor.
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C The Ative DegraderThe Ative Degrader (AD), desribed in setion 3.3.1, has not been used inthe PNN1 analysis, but is essential for PNN2, given the expeted photonangular distribution from target-sattered K�2events ( [41℄). Its performanewas extensively studied, and its funtion as Photon Veto was optimized asdesribed in this setion.In the following, \energies" are in arbitrary units. In order to �nd theenergy in MeV, the Kaon and pion energy peaks from simulation ( [45℄) wereused and ompared with the ones from data. For the ADCs, the value of 6.49units/MeV was obtained from pions, and 6.22 units/MeV from Kaons ( [46℄).For the CCDs, the value of 8.30 units/MeV was found from Kaons. Thereforea alibration onstant of 6.34 ADC units/MeV (the average of the Kaon andpion results) an be used to translate the ADC energy plots to MeV, and 8.30CCD units/MeV for the CCD.Beam partile trak extrapolation was done to �nd whih AD setors areexpeted to be transversed by the inoming K, and thus have some energydeposit assoiated with the beam. The possibility of exluding these setorsfor PV purposes was investigated. The inoming xy point was found by ex-trapolating the line de�ned by the hit points in BWC1 and BWC2 to theupstream fae of the AD. The outgoing point was the one given by the B4 hitoordinates. Every setor between these 2 points was assigned to the K path.This algorithm has the aw that it does not take into aount the transverseunertainty to the entering K point aused by multiple sattering in the In-ative Degrader, whih is exaerbated by the geometry of the AD: sine the165



beam is entered where all the setors meet, a small perturbation in the pathauses more/other setors than expeted to be hit.The samples used in this study are:� Aeptane sample: K�2 deays from K�2 monitors, where no photon orbeam ativity is expeted.� Rejetion sample 1: K�2 peak events from SKIM5, with a loose PV ut.� Rejetion sample 2: K�2 TG-satter events identi�ed by speial targetreonstrution software ( [47℄). These events (\kinks") have failed thenormal target reonstrution (\SWATHCCD"), therefore they were notinluded in any bakground study and there is no danger in examiningthe ones in the PNN2 kinemati box. This sample is expeted to be rihin TG satters.C.1 Timing peaks in the ADIn �g.8.9-8.12, the time distributions of hits in the AD are shown for theaeptane and the rejetion samples. All the histograms are normalized tothe number of events and have no energy threshold imposed. As an be seen in�g. 8.9, whih is for setors on the K path, the behavior of the three samplesis e�etively the same in terms of K ativity: in the time distributions withrespet to Kaon time (tk), an on-time peak is obvious, and the ones withrespet to deay (pion) time (tpi), show a deay lifetime shape. Fig. 8.10 showsthe same distributions for setors o� the K path. In the time distributions withrespet to tpi, a strong photon peak is present for the rejetion samples only.166



A deay lifetime shape for the same samples is present in the time distributionswith respet to tk. Fig. 8.11 and �g. 8.12 show the same for the CCDs. Inaddition to the photon peak in �g. 8.10 and 8.12, some K ativity remnantsin time with tk are present, that are the same for all samples. These are dueto the ineÆienies in extrapolating the K path mentioned earlier.The photon time distributions for K�2peak events and kinks are omparedin �g. 8.13, where it an be seen that there is more photon ativity in the ADfor kinks. Comparing the number of events in the 3 bins of the photon peakfor K�2peak and kinks, there is an approximate 72% more ativity in the kinksample measured by the TDCs and 60% by the CCDs.Time losest to tk/tpi vs total energy distributions for the same samplesare shown in �g. 8.14 (�g. 8.15 for CCDs) and energy distributions for thetwo timing peaks in �g. 8.16 (�g. 8.17 for CCDs). The K energy peak in timewith tk is prominent for all samples, whereas most of the energy in time withtpi is at zero for the aeptane sample, and near zero with long high-energytails for the rejetion ones, as expeted for showering photons.C.2 Applying the utBased on the time and energy distributions in the AD, di�erent ways to apply aPV ut were investigated. The main idea is to add the energy deposited eitherin whole setors (for ADCs) or individual hits (for CCDs) and veto eventsbased on this sum. For the ADCs, the di�erent shemes are using setors� (a) with at least one TDC hit out of time with tk (>5ns) and in timewith tpi (-2ns to 8ns) 167
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The results, in the form of aeptane*rejetion vs energy threshold, are shownin �g. 8.18 for the K�2 peak and in �g. 8.19 for the kinks. For both therejetion samples, utting on the sum of CCD \energy" at 5., irrespetive ofthe setor the hit belongs to, seems to be the favorable ase. Therefore nosetor exlusion, or double-pulse �tting is neessary to mask out beam Kaonativity. The time window for this sheme was also optimized. The rejetion,aeptane and rejetion*aeptane for the lowest energy threshold for allases are summarized in table 8.5. From the values in this table, it an beseen that the AD ould have added some rejetion power to the ���(1) PhotonVeto if it was used.ADC (a),(b) ADC (),(d) CCD (a) CCD (b)a 0.96�0.001 0.98�0.001 0.94�0.002 0.97�0.001K�2peakrej 1.64�0.03 1.54�0.03 1.79�0.04 1.59�0.03a*rej 1.58�0.03 1.51�0.02 1.68�0.04 1.54�0.03Kinksrej 1.81�0.07 1.73�0.05 1.95�0.08 1.80�0.07a*rej 1.76�0.08 1.70�0.06 1.86�0.08 1.76�0.08Table 8.5: Rejetion, aeptane and rej*a of di�erent implementations ofthe AD photon veto for both rejetion samples, for the lowest thereshold (5.).
C.3 Correlation with the ECThe rej*a of the AD as a funtion of the energy threshold was also measuredfor tighter setup PV uts and for only the upstream EC inner ring (EC1) PVtightened, in order to investigate the orrelation of this subsystem with therest of the PV. Photon ativity in the AD is expeted to be heavily orrelatedwith ativity in the EC1, as shown in [48℄. The plots for the K�2peak for173



loose PV tight PV tight EC1a 0.94�0.002 0.95�0.002 0.95�0.002rej 1.79�0.04 1.95�0.14 1.69�0.07a*rej 1.68�0.04 1.86�0.13 1.60�0.06EC1 parameterst half-window 2 ns 5.15 ns 5.15 nsE threshold 2 MeV 0.2 MeV 0.2 MeVTable 8.6: Rejetion, aeptane and rej*a of CCD(a) for the lowest energythereshold for di�erent setup PV ut, for K�2 peak. The EC1 veto parametersfor every setting are also given.tight PV are shown in �g. 8.20, and for only the EC1 PV tightened in �g.8.21. The results for the optimal ase (CCD (a), at the lowest threshold) aresummarized in table 8.6. The rej*a is a bit higher for the tight PV sample,whih means that the AD still has rejetion power after the rest of the PV hasbeen applied, and a bit smaller for the only-EC1-tightened one, as expetedfor these two orrelated subsystems. In both ases, it follows the same trendas a funtion of energy threshold as the loose-PV ase.Further evidene of the AD-EC orrelation is shown in �g. 8.22-8.23. Thefration of events with zero energy deposit in EC1 and the remaining upstreamEC is shown as a funtion of the AD energy deposit for the three samples.The rest of the PV has not been applied on the rejetion samples, to inreasestatistis. From the K�2sample, it an be seen that the aidentals rate is atabout 10% for both piees of the upstream EC. The rejetion samples showa lear orrelation between both upstream EC parts and the AD. The rise ofthese plots in both the rejetion samples for very high AD energies, is due tothe online PV that has already ut events with high energy deposits in theEC. These events most likely also leave the highest energy in the AD.174



TDC vs ADC for all samples
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CCD time vs energy for all samples
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ADC totals for all samples
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CCD energy totals for all samples
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Kp2 peak: compare acc*rej
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Kinks: compare rej*acc
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Kp2 peak: compare acc*rej
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Kp2 peak: compare acc*rej
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